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ABSTRACT 
Characterization of a bimetallic catalyst in terms of its surface 
composition is important in understanding the mechanisms of reactions over 
such catalysts. Since catalytic surfaces are covered with adsorbates xmder 
reaction conditions, the influence of adsorbates on the surface compositions of 
bimetallic catalysts is also important. Hydrogen was found to influence the 
surface compositions of silica and alumina supported Pt-Rh catalysts to a certain 
extent as the surfaces of bimetallic catalysts were enriched in Rh xmder the 
influence of hydrogen. Although the extent of Rh enrichment of the surface was 
not large, the surface compositions in the presence of hydrogen were 
significantly different firom those of an adsorbate-fi:ee Pt-Rh surface which is 
known to be enriched in Pt. 
Various hydrogenation reactions on transition metals are important 
commercially whereas certain hydrogenolysis reactions are useful firom 
fundamental point of view. Understanding the hydrogen mobility and kinetics 
of adsorption-desorption of hydrogen is important in imderstanding the 
mechanisms of such reactions involving hydrogen. The kinetics of hydrogen 
chemisorption was studied by means of selective excitation NMR on sihca 
supported Pt, Rh and Pt-Rh catalysts. The activation energy of hydrogen 
desorption was found to be lower on sihca supported Pt catalysts as compared to 
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Rh and Pt-Rh catalysts. It was found that the rates of hydrogen adsorption and 
desorption on Pt-Rh catalyst were similar to those on Rh catalyst and much 
higher as compared to Pt catalyst. 
The Ru-Ag bimetallic system is much simpler to study than the Pt-Rh 
system and serves as a model system to characterize more complicated systems 
such as the K/Ru system. Ag was found to decrease the amounts of adsorbed 
hydrogen and the hydrogen-to-ruthenium stoichiometry. Ag reduced the 
popvdations of states with low and intermediate binding energies of hydrogen on 
silica supported Ru catalyst. The rates of hydrogen adsorption and desorption 
were also lower on silica supported Ru-Ag catalyst as compared to Ru catalyst. 
Thus Ag influenced the kinetics and thermodynamics of hydrogen 
chemisorption on Ru particles and it was foxmd that electronic and ensemble 
effects were not responsible for this influence of Ag. Instead, the effect of silver 
was due to the selective segregation of silver to the edge, comer and other defect­
like sites which are proposed to be highly active for dissociative hydrogen 
adsorption. Hence hydrogen adsorption on Ru particles was found to be 
structure sensitive. 
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CHAPTER 1. GENERAL INTRODUCTION 
Supported bimetallic catalysts are commonly used for commercial 
chemical reactions because these catalysts usually have higher activity, 
selectivity or stability as compared to monometallic catalysts (1-3). The 
modification of catalyst properties is most commonly explained via electronic 
(ligand) effects or geometric (ensemble) effects. In the case of electronic effects 
in bimetallic catalysts, one metal in the neighborhood of active atoms of the 
other metal may modify its electronic properties via electron removal/donation 
and thereby change its interaction with adsorbing species. Structiiral or 
geometric effects are important only for structure-sensitive reactions such as 
ethane hydrogenolysis which require a large ensemble of active metal atoms. 
Addition of a second metal may reduce the size of such an active ensemble and 
thus reducing the activity for that reaction. On the other hand, the second metal 
may form active ensembles of its own or may give rise to mixed ensembles. 
A bimetallic catalyst is well characterized when we know whether 
bimetallic particles (or clusters) are actually formed and if they are formed, what 
is the surface composition of the bimetaUic particles. It is also important to 
know whether the surface composition is uniform over all the clusters. The 
extent and uniformity of co-clustering in bimetallic catalysts depends on various 
factors such as the method of catalyst preparation and activation, t5T)e of 
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support, physical properties of the support, the nature of the catalyst precursors 
used as well as the nature and loadings of the metals in the catalyst (4). 
Quantitative measurement of surface compositions is an important area of 
catalytic research which has not received the deserved attention. The surface 
compositions of bimetallic catalysts in the form of single crystals have been 
studied extensively (5-11) by using Auger electron spectroscopy (AES) and ion 
scattering spectroscopy (ISS). There are however, very few techniques available 
to determine the surface composition of supported bimetallic catalysts. One of 
the techniques is selective chemisorption. The problem is quite straightforward 
when Group VTH metals are combined with Group IB metals to form bimetallic 
clusters such as Ru-Ag or Ru-Au because it can be assumed that hydrogen does 
not adsorb on the Group IB metal. Supported bimetallic clusters formed 
between Group VIII metals such as Pt-Rh system studied here, represent a 
greater challenge because both metals usually adsorb most of the commonly 
used adsorbates such as hydrogen, carbon monoxide and oxygen. Miura et al. 
(12-15) have succeeded in measuring the surface compositions of a series of 
alumina and silica supported Pt-Ru bimetaUic clusters using a selective titration 
technique. In this method, advantage was taken of the fact that the titration 
stoichiometry of the reaction between chemisorbed O2 and gas phase CO is very 
different on Ru and Pt. However, it must be kept in mind while using such a 
technique that coadsorption of two species may result in surface reconstruction 
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as well as in chemisorption induced surface segregation. Adsorbates are known 
to influence the siuface compositions of bimetallic catalysts and the effect of one 
adsorbate on the surface composition of the bimetallic catalyst may or may not 
be reversible. Wang and Schmidt (16) observed that the surface of silica 
supported Pt-Rh catalysts was enriched in Rh by oxidation-reduction cycling. 
Miura and Gonzalez (14) have used IR spectroscopic method to determine the 
surface compositions of Pt-Ru/SiOa catalysts. Wu et al. (17) used NMR 
spectroscopy to determine the surface composition of supported bimetallic 
catalysts. Wang et al.(18) have used NMR of adsorbed CO and ^^^Pt NMR 
spectroscopy in order to characterize alumina supported Pt-Rh catalysts and 
foimd that the surfaces of their bimetallic catalysts were enriched in rhodivun. 
Under reaction conditions, the sxirfaces of catalysts are covered with reactants 
and hence xmderstanding the influence of various reactants on the surface 
composition of the bimetallic catalysts is important. The surface compositions of 
the alumina and silica supported Pt-Rh catalysts were determined in the 
presence of hydrogen by NMR which is described in Chapters 3 and 5, and in 
the absence of any adsorbate by ^29Xe NMR which is discussed in Appendix B. 
Several hydrogenation reactions are carried out industrially on supported 
transition metal catalysts for treatment of petroleum feedstock. Further many 
hydrogenolysis reactions are used to gain fundamental understanding of 
cataljrtic surfaces. The mobility of hydrogen on cataljrtic surfaces may be 
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important in understanding the mechanisms of these reactions on such sxirfaces. 
as it dictates the coverage and availability of adsorbed hydrogen on the catalyst 
surface. Engelke et al. (19) foimd out that the interparticle motion of hydrogen 
on the surfaces of Ru/Si02 catalysts occurred via the gas phase and involved 
hydrogen adsorption-desorption processes. Hence understanding the various 
factors related to mobility of hydrogen and kinetics of adsorption-desorption on 
the surfaces of such supported catalysts is also important. The parameters 
related to the kinetics of adsorption and desorption processes are estimated by 
studying hydrogen mobility on the surfaces of these catalysts. A detailed study 
was done of the kinetic parameters for adsorption and desorption of hydrogen on 
silica supported Pt, Rh and Pt-Rh bimetallic catalysts and is described in 
Chapters 4 and 5. The differences in hydrogen mobility on Pt and Rh catalysts 
could explain the different activity exhibited by these two catalysts towards 
various reactions such as hydrogenolysis and isomerization. 
As mentioned earlier, bimetalHc catalysts consisting of Group Vni-Group 
IB metals are easier to characterize because hydrogen does not usually adsorb on 
Group IB metals and the total hydrogen uptake can be related to the fraction of 
Group VIII metal at the surface. The rutheniiun-silver bimetallic system serves 
as a model system in understanding the catalytic behavior of more complicated 
systems involving ruthenium. The technique of NMR spectroscopy is quite 
suitable for this purpose because it is a quantitative technique and since silver 
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does not dissociatively adsorb hydrogen, the fraction of Ru atoms exposed at the 
surface can be directly and quantitatively determined. Further the electronic and 
geometric effects of Ag on Ru can also be studied by NMR with the help of 
atomistic simulations (20). Since there is no added complication of hydrogen 
spillover (21) from Ru to Ag, the study of hydrogen mobility on these surfaces can 
also illustrate the effect of Ag addition on catalytic properties of Ru. Hence Ru-
Ag/Si02 catalysts were studied by NMR spectroscopy with an emphasis on the 
chemisorption and mobility characteristics of hydrogen on these surfaces and is 
described in Chapter 6. The modification of the properties of Ru by adding 
inactive group IB metals such as Ag may be complimentary to the modification of 
Ru surface by alkali metals such as potassitmi which is a more complicated 
system. It is known that potassium partitions itself between Ru metal particles 
and siHca support (22). Thus potassium affects the chemisorption and mobility of 
hydrogen on the metal as well as the support. The promotional effects of 
potassium on Ru can be understood by studying the kinetics and energetics of 
hydrogen adsorption-desorption on such catalysts and based on the 
understanding of the simpler Ru-Ag bimetaUic system. This is discussed ia a 
separate paper in Appendix A. 
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Dissertation Organization 
The dissertation consists of foxu: papers (Chapters 3-6) followed by general 
conclusions. Each paper was written by the author in a form suitable for 
pubhcation in a technical jovimal. The paper corresponding to Chapter 3 has been 
accepted in the Journal of Catalysis. The papers in Chapters 4, 5 and 6 will be 
submitted for publication with the author of this dissertation as the primary 
author. Chapters 3, 4 and 5 describe the original work carried out by the author. 
Chapter 6 also describes the original work done by the author along with the work 
on microcalorimetry done by R. L. Narayan. Appendix A describes the work done 
on potassium promoted Ru catalysts using NMR and microcalorimetry. 
Appendix B details the work done on Pt-Rh/AlaOa catalysts by ^^sXe NMR 
spectroscopy. Appendix C describes the experimental estimation of gas phase 
hydrogen and compares it with calculations based on ideal gas law. Appendix D 
discusses the possible nature of adsorbed hydrogen labeled as a and (3 hydrogen 
along with some relevant calcidations. Appendix E describes the work on 
interaction of CO and H2 on Ru/Si02 catalyst. References for the General 
Introduction, Literature Review and General Conclusions chapters are given at 
the end of the thesis, after Appendix E. 
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CHAPTER 2. LITERATURE REVIEW 
Theory of surface segregation 
The term sxirface segregation refers to the enrichment of one or more 
components of a mixture near the sxirface region, relative to the bulk. Chemical 
models of surface segregation are of two types: Macroscopic and Microscopic 
models. From macroscopic thermodynamic models, only a macroscopic picture of 
the surface, such as the average composition for a structurally uniform surface can 
be obtained whereas detailed, site-specific surface composition profile can be 
obtained fi:om microscopic models. The macroscopic models require the input of 
macroscopic thermod5Tiamic properties such as pure component sxirface tensions 
while microscopic models require detailed bond energy information. The 
macroscopic models are applicable to continuum sxirface only whereas the 
microscopic models can be applied to any surface. 
Gibbs (23) showed that at equilibrivmi, the surface excess FA, of component 
A in a binary alloy AB is given by, 
Ta = -(da / duA) = ( NaTo' - NA"" + Na'' )/S [1] 
where [ia is the chemical potential of component A and a is the surface free energy 
of the alloy. Further, S is the interfacial area, is the total number of moles of 
A in the system and Na° and Na'' represent the nxmiber of moles of A in phase a 
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and b. (For a surface interfacing with vacuum, Na'' = 0). This expression 
indicates that if increased amount of component A in a binary alloy AB lowers the 
surface free energy of the alloy then surface segregation of A would occxur. 
However, equation [1] can not be readily used to calculate sxirface compositions, 
given only overall compositions, temperatiure and pressiure. Hence attempts were 
made to develop models of predicting surface segregation, that use easily 
measurable or obtainable data. One such model was developed by Butler and 
Schuchowitzky (24,25) based on the assumptions of monolayer surface region, 
ideal solution behavior and equal molar siurface areas of constituents. This 
expression, which can be used to calculate the surface compositions in terms of 
measurable quantities, is as follows: 
XSA/XSB = (XbA/XbB)exp[S(aB-crA)/RT] [2] 
where X^a and X^ are the first layer (surface) mole fractions of A and B, X^a. and 
Xi'B are the bulk fractions of A and B, <ja and ob represent the pure component 
surface tension for A and B, S is the surface area and T is temperature in K. The 
effects of the surface tension of the components and of the temperature on the 
surface composition of the binary system can be easily seen from equation [2]. It 
predicts that the component with lower surface tension will be enriched at the 
surface and as the temperature is increased, the sxirface composition approaches 
the bulk composition. However, the ideal solution model assumes the heat of 
mixing of components of a binary alloy to be zero. Other models were developed 
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by Guggenheim (26) and later refined by Defay Eind Prigogine (27), based on 
regular solution theory which takes into account the effects of heat of mixing. 
In the microscopic models, it is suggested that the energy of the system can 
be described by analyzing the bonds between the metal atoms. Since bonds 
between atoms in the bulk have to be broken in the creation of a surface, these 
models are sometimes referred to as broken bond models (4). Since it is 
energetically favorable to break the weakest bonds, it was predicted that the 
component of a binary alloy having the lower heat of sublimation (bulk cohesive 
energy), a measure of the bulk bond strength, should segregate to the surface. 
However, these earlier broken bond models were not accurate because they 
assumed bond energies to be invariant with coordination. Another less rigorous 
model is the elastic strain model (4) which proposes that significant elastic strain 
exists in the lattice when a solute atom is placed in a matrix of atoms of unlike 
size. If the solute is moved to the surface, the elastic strain energy is reduced. 
According to this model then, the solute would segregate to the surface of an alloy 
whenever it is either significantly smaller or larger than the matrix atom. 
The input required for the microscopic models is usually detailed 
information on bond energies and a symmetric mixing model. With these models, 
it is possible to model flat as well as structured or stepped surfaces. We can obtain 
microscopic information such as surface composition at basal planes, defect sites 
(edges and comers) and distribution of ensemble sizes, firom these models. 
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For Pt-Rh system, the bulk cohesive energy for Rh is 554 kJ/mole which is 
lower than that for Pt which is 563 kJ/mole. Thus based on bulk properties, Rh 
segregation to the surface woxild be predicted. The atomic radii of Pt and Rh are 
1.39 and 1.34 A, respectively and the surface segregation behavior of this system 
can not be predicted based on the elastic strain model. However, these models are 
not accurate because these do not take into accovmt the surface energies of Pt and 
Rh which would dictate the surface segregation behavior of the system. The 
surface energy for (111) plane is 100 kJ/mole for Pt and 110 kJ/mole for Rh in case 
of 31% dispersed cluster. Hence based on surface energies, platinimi segregation 
to the surface would be predicted which is foimd to be correct according to many 
theoretical and experimental studies (5-11). 
Pt-Rh bimetallic system 
Adsorbate-Free Pt-Rh Surfaces 
The calcvdations done by van Delft et al. (3) using a Monte Carlo method 
predict that the surface composition is almost equal to the bulk composition. 
Schoeb et al. (28), based on atomistic simulations for adsorbate free Pt-Rh 
clusters, predicted surface enrichment of Pt at 973 K. 
Beck et al. (9) studied PtioRh9o(lll) crystal face in vacuum (5x10-^° Torr) 
using ion scattering spectroscopy (ISS) and Auger electron spectroscopy (AES). 
They observed that the surface composition remained the same as the bulk 
composition up to 600°C, but the surface became enriched in Pt above 6000C. 
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Williams and Nelson (5) using ISS, observed that the surface composition was 
almost equal to the bulk composition at room temperatxire and surface was 
enriched with Pt at T > 800 K for disks of unsupported Pt-Rh catalysts. Similarly 
Pt enrichment of the (111) surface of Pto.iRho.g alloy was observed by HoUoway 
and Williams (6) using AES at 1000 K and also by van Delft et al. (3) for (100) and 
(410) surfaces of Pto.25-Rho.75 alloy using AES. van Delft et al. (3) observed that Pt 
surface segregation increased with increasing equilibration temperature, van 
Langeveld and Niemantsverdriet (7) using AES observed Pt enrichment of the 
surface of a polycrystalline Pt-Rh alloy. 
Impurity atoms may also influence the surface compositions of bimetallic 
catalysts. Ahmad and Tsong (29) using atom probe field ion microscopy (APFIM) 
found that the siirface composition of Pt-Rh aUoys was oscillatory in nature since 
the top layer of (001) plane of Pt-Rh alloys showed a significant enrichment of Rh 
and a considerable depletion of Rh in the second layer. The adsorbed sulfur was 
speculated to be the cause Rh to be enriched in surface. 
Adsorbate covered surfaces 
Oxygen and NO 
The surface of Pt-Rh single crystals studied using AES, was fotmd to be 
enriched in rhodixim under the influence of oxygen, by WoLf et al. (30) and van 
Delft et al. (3, 8) in the temperature range of 600 to 1000 K Williamson et al. (11) 
also observed by AES, the surface enrichment in Rh of Pt-Rh foils above 773 K in 
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the presence of oxygen, van Delft et al.(3) observed a similar effect for adsorbed 
NO on Pt-Rh alloys and this was attributed to the formation of oxygen adatoms 
upon NO dissociation. 
Beck et. al. (9, 10) have examined the surface composition of PtioRh9o(lll) 
single crystal using ISS and AES. They also observed that the sxirface was 
enriched in rhodiimi in low pressure (10"® Torr, T: 800-1000°C) and high pressure 
(38 Torr, T:500-600°C) oxygen environments. The authors further reported that 
on annealing this Rh enriched surface in the range 950-1000°C, the svuface 
became enriched in Pt again indicating that oxidation of Rh was reversible by 
annealing in vacuiun at high temperatures. Similarly, a reducing environment 
could also result in a reversal of surface composition. 
Wang and Schmidt (16) studied 50-200 A diameter particles of Pt-Rh alloys 
and pure metals deposited on planar amorphous silica by transmission electron 
microscopy (TEM) and found that surface of silica supported Pt-Rh alloys was 
enriched in Rh after oxidation-reduction cycling. Kacimi and Duprez (30) have 
measured the surface composition of Pt-Rh catalysts supported on alumina using 
180/160 isotopic exchange. They observed that catalysts which were annealed in 
oxygen at 700°C and 900°C, had surface composition different from the bulk 
composition. Below a critical bulk Rh composition X*, the surfaces of the 
bimetallic catalysts were enriched in Pt and above X*, those were enriched in Rh. 
The composition X* was dependent on the annealing temperatiire. 
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Hydrogen and CO 
Beck et al. (9) noted that the surface became enriched in Pt, from 31% Pt to 
38% Pt under 10-® Torr H2. Under high pressure (38 Torr) of hydrogen, they 
observed (10) that the surface composition increased to 31% Pt, starting with 
imtial composition of 4% Pt, but remained constant at 31% Pt when initial 
composition was 31% Pt. van Delft et. al. (8) also found that CO and H2 do not 
exert a significant influence on surface composition of Pt-Rh alloys. They did not 
find any evidence for CO dissociation. 
Zhu and Schmidt (31) studied siHca supported Pt, Rh and Pt-Rh alloy 
particles by CO chemisorption using temperature programmed desorption (TPD). 
These workers observed that oxygen treatment completely suppressed CO 
chemisorption on Rh due to formation of an inactive Rh oxide and CO being 
incapable of reducing the oxide. However, oxygen treatment did not inhibit CO 
chemisorption on Pt. Alloy particles were transformed entirely to RhaOa with no 
exposed Pt atoms under the presence of oxygen at high temperatures. Reduction 
of this oxide in H2 produced a surface whose CO chemisorption properties appear 
to be those of Rh. There was no evidence of CO dissociation on the surface of Pt, 
Rh or their alloys. 
Oh and Carpenter (32) studied Pt, Rh and Pt-Rh bimetallic catalysts by 
measuring the activity of these catalysts for the CO oxidation reaction. They 
noted that Pt was more active for strongly oxidizing conditions and Rh was more 
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active for net reducing conditions. They also noted some synergism between Pt 
and Rh in the bimetallic catalyst which was explained in terms of geometric as 
well as electronic effects. 
Wang (33) used NMR to characterize Pt-Rh bimetallic clusters with 
adsorbed CO and supported on T1-AI2O3. The author has discussed two possible 
extreme situations for the electronic structure of Pt-Rh alloy surfaces: (i) Pt and 
Rh electronic wave functions maintained their local electronic structure. CO 
adsorbed on these (assumed to be linearly bonded) had different electronic 
structure for Pt and Rh, resulting in two peaks in NMR spectra with peak 
positions same as those on pure metal surfaces. Relative intensity of the peaks 
would change with surface composition of the bimetallic catalysts, (ii) Pt and Rh 
electronic wave functions were highly delocalized and coUective behavior of 
electrons was important. So there should be single peak with same Knight shift in 
the spectra and the peak position would change with surface composition. The 
author covild not resolve these two cases from ^^CO NMR lineshapes alone 
because, owing to broad lines, linewidths were comparable to the difference in line 
positions on Pt and Rh. He used i^C-isspt SEDOR (spin echo double resonance) 
experiment as a technique to distinguish CO attached to Pt from that attached to 
Rh. The SEDOR experiment gave results which agree with the "delocalized 
picture". ^^CO NMR Hneshift was found to be independent of CO coverage which 
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also indicated that CO did not preferentially bond to one metal than to the other, 
which again supported the "delocaHzed picture" for Pt-Rh bimetallic clusters. 
Since CO may bind more strongly to Rh than Pt, the author tried to 
investigate whether the Rh segregation was induced by CO, by doing a NMR 
experiment. The essential features of NMR are two peaks; a "bulk" peak and 
a "surface" peak. The author (33) fovmd that the position of the Pt line due to 
surface Pt atoms was the same both on clean and CO covered bimetallic surface. 
This indicated that the Rh enrichment of the surface was not caused by adsorbed 
CO. He has attributed it to the oxidation-reduction pretreatment given to their 
catalysts. 
Thus the general observation has been that oxygen induces segregation of 
Rh to the surface of Pt-Rh bimetallic catalysts. The adsorbates CO and H2 have 
been found to have no effect on surface composition of the bimetallic catalysts. 
Ru-Ag bimetallic system 
The Ru-Ag bimetallic system serves as a model system to study the 
chemisorption and mobility behavior of hydrogen. Strohl and King (20) using 
atomistic simulations fovmd that silver segregates to the surface of Ru-Ag 
bimetaHics. Wu et al.(34) also found by NMR that silver segregated to the 
surface of Ru-Ag/Si02 catalysts but to a lesser extent than copper in case of the 
Ru-Cu system. Based on atomistic simulations of the Ru-Ag system (20, 35), it is 
known that silver preferentially occupies the defect like edge and comer sites on 
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Ru surface and forms two dimensional islands at higher silver contents. This has 
been also supported by the recent experimental evidence of Schick et al.(36) based 
on various surface spectroscopic techniques. Based on data obtained by 
photoemission of adsorbed xenon (PAX) spectroscopy, they reported that silver 
preferentially decorated Ru step sites on a stepped Ru (10117) surface whereas 
silver showed a tendency to form two dimensional islands on a flat Ru(0001) 
surface. This was further supported by other methods such as angle resolved 
ultraviolet photoemission spectroscopy (ARUPS), Auger electron spectroscopy 
(AES), low energy electron diffraction (LEED) and thermal desorption 
spectroscopy (TDS). 
Wu et al.(34) noted by NMR that silver does not interact with rutheniiun 
as strongly as copper. Based on evidence from X-ray photoemission spectroscopy 
(XPS) and X-ray excited Auger electron spectroscopy (XAES), Rodriguez (37) foimd 
that silver does not exhibit any electronic interaction with Ag. Smale and King 
(35) also niled out such an effect for Ru-Ag/Si02 catalysts. However Rodriguez 
(37) proposed that there are changes in the valence bands of Ru and Ag which 
result in increase in the strength of the Ag-CO bond and weakening in the Ru-CO 
bond. This was attributed to a decrease in tt backdonation from Ru to CO in the 
presence of Ag. From temperature programmed desorption (TPD) data, he also 
observed that Ag adatoms block the adsorption of CO and O2 on Ru(OOOl) on a 
one-to-one basis. 
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Bemasek and Somorjai (38) observed that the hydrogen-deuterixun 
exchange reaction occurred mainly at the defect like step sites and these defect 
like sites are thought to be highly active for the dissociative hydrogen adsorption 
and associative hydrogen desorption processes. Smale and King(35) observed that 
the Ru-Ag/Si02 catalysts were less active for ethane hydrogenolysis than RuySi02 
catalysts, at all temperatures. The activity for the reaction decreased with 
increasing silver content and became more or less constant at 30 atomic % silver. 
Since ethane hydrogenolysis involves dehydrogenated intermediate species, 
hydrogen removal from the surface was important because otherwise hydrogen 
would act as an inhibitor for the reaction. It was proposed by Smale and King (35) 
that the defect like sites are active for hydrogen desorption from the sxirface and 
since silver blocked these sites, hydrogen desorption was prevented which resulted 
in lower activity for the reaction. Bhatia et al. (39) also used similar argrmients to 
explain their NMR results on Ru/SiOa and Ru-Ag/Si02 catalysts. They 
observed two adsorbed states of hydrogen termed a and (3, on the surfaces of these 
catalysts. They also observed that the population of a weakly bound species of 
hydrogen (termed as p resonance) was reduced by addition of silver. It was 
proposed that the beta hydrogen population depends on hydrogen adsorption and 
desorption at the defect like sites. Since silver suppressed these processes by 
blocking the edge and comer sites, it reduced the population of the beta hydrogen. 
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Abstract 
The surface compositions of a series of platinum-rhodium bimetallic 
catalysts supported on g-alimiina were determined in the presence of 
chemisorbed hydrogen by NMR spectroscopy. The surface compositions of 
hydrogen covered Pt-Rh bimetallic catalysts were foxmd to be slightly enriched 
in Rh, significantly different from the surface compositions of adsorbate-firee Pt-
Rh surfaces which are enriched in Pt. Further, based on selective excitation 
NMR experiments it was found that bimetallic particles of fairly uniform 
compositions were formed. Atomistic simulations of hydrogen covered Pt-Rh 
bimetallic catalysts were done using a method which involved coordination 
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dependent bond energies. The simulations indicated that the heat of adsorption 
of hydrogen on rhodixun is about 13 kJ/mole higher than that on platinxim. 
Finally, a general, qualitative method to predict the influence of adsorbates on 
the surface segregation behavior of bimetallic systems is described based on the 
knowledge of the sxirface energies at various sites and the heats of adsorption. 
Introduction 
Supported bimetallic or multimetallic catalysts are commercially useful 
because they often exhibit improved activity, selectivity or stability compared to 
monometallic catalysts (1). For example, platinum-rhodivun catalysts find 
applications in industrially important reactions such as oxidation of ammonia to 
nitric oxide, control of automobile exhaust emission and s3mthesis of hydrogen 
cyanide (2). In addition to their various applications, such catalysts offer 
opportunities to explore challenging scientific questions. In principle, one can 
vary the surface properties of these catalysts in a systematic manner simply by 
altering the overall metal composition (3-5). The composition of bimetallic 
catalysts is often significantly different at the surface compared to the bulk due 
to the differences in surface energies of the two metals. The surface composition 
or the relative fraction of the two metals at the sxirface is an important 
parameter in the study of catal3^c phenomena. For example, the activity per 
metal site (turnover frequency) of reactions, which is needed to deduce the 
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reaction mechanisms from kinetic data and to understand controlling factors 
such as ensemble or electronic effects, is based on the surface composition of the 
catalytically active metal (1,6,7,8). 
It is weE known that adsorb ates on bimetallic surfaces can alter the 
surface composition of such systems, and while various theoretical models (9-13) 
can predict the surface segregation behavior of a particular bimetallic system, 
the influence of adsorbates is difficult to quantify. In the case of platinum-
rhodixim bimetalHc system both theory and experiment (13-16) suggest that 
platinum segregates to the surface of a clean Pt-Rh bimetallic. Although the 
bulk cohesive energy of Rh is slightly smaller than that of Pt, the surface energy 
of Rh is larger than that of Pt. However, the difference in the surface energies of 
Pt and Rh is small and this difference can be altered by an adsorbate, perhaps 
even resulting in a reversal of the sxirface segregation behavior of the Pt-Rh 
system. For example, in the presence of oxygen it was observed using Auger 
electron spectroscopy (AES) and ion scattering spectroscopy (ISS) that the 
surfaces of Pt-Rh single crystals were enriched in Rh (17-20). 
The influence of hydrogen on the surface composition of Pt-Rh bimetallic 
system has been studied less extensively. Van Delft et al. (17,18) studied Pt-Rh 
single crystals in the presence of hydrogen and other adsorbates using AES and 
reported that hydrogen did not influence the alloy as much as O2 and NO, but 
quantitative information about the influence of H2 was not given. Beck et al. 
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(19, 20) using ISS and AES reported that the svirface of a PtioRheoClll) single 
crystal became enriched in Pt xmder low pressxire (10~® Torr) and high pressure 
(38 Torr) environments of hydrogen in the temperature range of 500-6000C. 
A few studies of supported Pt-Rh catalysts using techniques such as 
transmission electron microscopy (TEM), isotopic exchange and nuclear 
magnetic resonance (NMR) spectroscopy have been pursued. Wang and Schmidt 
(21) using TEM reported that the surface of silica supported Pt-Rh catalysts 
became enriched in Rh by oxidation-reduction cycling. Wang et al. (23, 24) used 
NMR of adsorbed CO and NMR to study Pt-Rh bimetallic clusters 
supported on h-alumina. The surface was found to be slightly enriched in 
rhoditun in the presence of adsorbed CO. 
In this study, we report the use of NMR spectroscopy to determine the 
surface compositions of y-alumina supported Pt-Rh catalysts in the presence of 
hydrogen. This approach is based on a method employed earUer by Wu et al. (3) 
to determine the surface compositions of silica supported Ru-Cu bimetallic 
catalysts using NMR Knight shifts. The experimental results are compared 
with atomistic simulations in order to estimate the difference in the energy of 
adsorption of hydrogen on the two metals. 
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Methods 
Catalyst preparation 
One platinum and one rhodium catalyst, each with a metal loading of 3 
wt% and supported on g-aliunina (Johnson Matthey, BET surface area=100 
m2/g) were prepared by incipient wetness impregnation method using 
H2PtCl6-6H20 and Rh(N03)3-2H20 (AESAR) as precursors. Appropriate amounts 
of the metal salts were dissolved in distilled water and about 1 g of the alumina 
support per ml of water was added to the solution. The resulting slurry was 
dried at room temperature for 20 hoiirs and then at 393 K for 8 hours. Three 
Pt-Rh bimetallic catalysts with metal loadings of 3% Ft -1% Rh, 3% Pt - 3% Rh 
and 1% Pt - 3% Rh were prepared in a similar manner via co-impregnation. 
All of the catalysts were reduced in flowing hydrogen at 673 K and 
subsequently washed with hot, deionized water to remove residual chloride and 
other soluble impurities. The final reduction was carried out at 673 K in the 
NMR probe for 2 hours, evacuating and replacing the hydrogen every 30 
minutes. Selective hydrogen chemisorption was used to measure the dispersion 
of the monometallic as weU as the bimetallic catalysts. The total adsorption 
isotherm and the isotherm for weakly bound hydrogen were measured at room 
temperature using hydrogen pressures in the range of 20 to 50 Torr and then 
extrapolated to zero pressure to obtain the amount of strongly boxind hydrogen 
adsorbed on the catalysts. An equilibration time of 10 minutes was used at each 
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pressure and the catalysts were evacuated to 5x10"® Torr for 10 minutes before 
recording the adsorption isotherm for weakly bound hydrogen according to a 
method described by Uner et al. (25). The dispersions of the 3% Pt and 3% Rh 
catalysts were 38% and 51% respectively. The dispersions of 3% Pt - 1% Rh, 3% 
Pt - 3% Rh and 1% Pt - 3% Rh catalysts were 25%, 20% and 18% respectively. 
NMR experiments 
The NMR experiments employed a home built spectrometer with a proton 
resonance frequency of 250 MHz. The measiurements were done using a home-
built in situ NMR probe connected to a vacuum/dosing manifold which allowed 
for an easy control of hydrogen pressvire during the measurements. The reduced 
sample was cooled to 573 K, evacuated overnight and then cooled to 304 K. 
Hydrogen was then dosed onto the sample at 304 K and equilibrated for 10 
minutes before recording the NMR spectra. AU spectra were recorded with a 
dwell time of 5 us, a repetition time of 0.5 s and the number of scans varying 
from 3600 to 7200. Selective excitation experiments were done using a DANTE 
(delays alternating with nutations for tailored excitation) pulse sequence 
consisting of 30 short pulses (26). A pulse separation of 10 ^s was chosen, 
resulting in a total duration of the DANTE sequence of 300 fxs and a 
corresponding spectral excitation width of w 3.3 kHz. The overall flip angle of 
the DANTE sequence was adjusted by varying the width of the short pulse while 
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the rf amplitude remained constant. Following the DANTE sequence, a final 90° 
pulse was applied followed by the detection of the firee induction decay. 
Simulations 
Atomistic simulations employing coordination dependent bond energies 
were used to determine the surface compositions of bimetallic systems as a 
function of particle size, temperature, compositions and chemisorption energetics 
(9,13, 27). The energy of the bimetallic system is given by, 
E = Z NI^ E (Ai) + Z Ni® e (BO + NAB (m/z) [1] 
where E (AO and s (BO are the energies contributed by atoms A and B, 
respectively, to each of its nearest neighbor bonds with coordination i, Ni^ and 
NI® are the number of atoms of tj^je A and B, respectively, in each site, NAB is 
the number of A-B bonds in the system, co is the mixing or interchange energy 
between the unlike atoms, A and B, and z is the bulk coordination (z =12 for fee 
metals). The partial bond energies e(Ai) and e(Bi) are obtained either from the 
corrected effective medium theory or experimentally determined parameters 
(27). The sTirface energies at various surface sites for Pt and Rh can be 
calculated from these partial bond energies and are listed in Table 1 along with 
the interchange energy for the Pt-Rh system. In order to model chemisorption, 
a term corresponding to the difference between the energy of adsorption of the 
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adsorbate on the two metals is added to the above expression [1] for the total 
energy of the system. We define this difference A for the Pt-Rh system as, 
A — [ AHads, Rh I ~ I AHads, Pt I [2] 
where AHads. Rh and AHads. Pt are the heats of adsorption of hydrogen on rhodium 
and platinum respectively. The values reported (28-30) for the heats of 
adsorption of hydrogen on Pt and Rh cover a wide range (see Table 2). Hence 
the simulations were pursued for a range of A values at 304 K and a value giving 
the best fit for experimental data was foimd. 
Results 
All the ^H NMR spectra obtained in this work exhibit a peak close to 0 
ppm (firom TMS) which represents diamagnetic hydrogen in the support, mainly 
due to hydroxyl groups. The hydrogen interacting with the conduction electrons 
of the metal particles appears as a second peak and is located significantly 
upfield. 
The spectra in Fig. 1 were obtained for the 3% Rh/Al203 catalyst. The 
upfield peak at -135 ppm in Fig. 1(a) corresponds to hydrogen adsorbed on 
metaUic particles of rhodium at 7 Torr and the spectrum in Fig. 1(b) was 
obtained after subsequent evacuation of the catalyst for 10 minutes. These 
shifts are consistent with previous studies. Sheng and Gay (31) reported shifts 
in the range of-140 to -170 ppm for hydrogen coverages varying firom 0.3 to 1.0 
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on a 50% dispersed Rh/Si02 catalyst. Sanz and Rojo (32) observed a Benight shift 
of -120 ppm on Rh/TiOa catalysts at 10 Torr H2. 
The spectra for the 3% Pt supported on deuterated AI2O3 are shown in 
Fig. 2. The hydrogen-on-platinum (H/Pt) resonance shift is less than that for 
rhodium and strongly overlaps with the resonance from hydrogen in the support 
[Fig. 3(a)]. In order to better resolve the H/Pt resonance, the support was 
subjected to deuterium exchange by heating to 673 K in 760 Torr of D2 for 2 
hours, with fresh D2 gas introduced at intervals of 30 minutes. The sample was 
then evacuated to 10~® Torr and cooled to room temperatiire. The NMR 
spectriun of the deuterated support [Fig. 2 (a)] indicated a greatly diminished 
proton intensity near 0 ppm. Subsequently, hydrogen gas was introduced at an 
equilibrixmi pressxire of 7 Torr [Fig. 2(b)]. Hydrogen adsorbed on Pt is 
represented by the difference of these two spectra [Fig. 2(c)] and exhibits a 
relatively narrow peak at -16 ppm. This result is consistent with earlier worlt 
by Sheng and Gay (31, 33) who reported NMR shifts in the range of -50 to 
-20 ppm for Pt particles with hydrogen coverage varjdng from 0.2 to 1.0 on a 
Pt/Si02 catalyst with a dispersion of 30% and of about -10 ppm for Pt particles 
with hydrogen coverage of 1.0 on a 40% dispersed Pt/AlaOa catalyst. 
The results for the monometallic Pt and Rh catalysts are compared with 
the bimetallic Pt-Rh catalysts in Fig. 3. All spectra were taken after exposure to 
hydrogen at 7 Torr for about 10 minutes and show an increasing upfield shift of 
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the hydrogen-on-metal resonance with increasing Rh content. The values of 
Knight shifts for hydrogen interacting with metallic particles in these spectra 
are given in Table 3. 
The spectra in Fig. 4 (a) and (b) correspond to the 1% Pt - 3% Rh/AlaOa 
catalyst at 7 Torr Ha and 10~° Torr Ha (after 10 minute evacuation), respectively. 
The result of the selective excitation (DANTE) experiment with the 1% Pt - 3% 
Rh catalyst is given in Fig.5. It can be seen that the H/Pt-Rh resonance line 
was satiirated at a pressure of 7 Torr [Fig. 5(a)]. However, selective inversion of 
the population in the frequency band corresponding to the pulse sequence 
applied could be achieved at 10~® Torr [Fig. 5(b)]. The purpose of the selective 
excitation experiment was to verify the formation of bimetallic particles 
(explained in detail in the next section). 
Discussion 
It is first noted that only one upfield peak is observed in the spectra for all 
catalysts that were exposed to 7 Torr of hydrogen (see Fig. 3). Further, the 
hydrogen-on-metal peak shifts toward upfield as the Rh content increases. 
These observations allow us to utilize ^H NMR as a probe of the composition of 
bimetallic particles. To validate this method, we briefly summarize some of our 
earlier investigations of the dynamics of hydrogen on the stirfaces of supported 
metals. In a study of hydrogen adsorbed on silica-supported ruthenium, Engelke 
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et al. (26) showed via selective excitation using the DANTE sequence that at low 
hydrogen presstures (e.g., 10 '' Torr) the hydrogen-on-metal NMR line is 
inhomogeneously broadened. It was also shown that the distribution of 
resonance frequencies resulted from differences in Knight shifts on particles of 
various sizes and shapes, and not from heterogeneity of individual adsorption 
sites. Furthermore, at low pressures, the hydrogen may undergo a quasi three-
dimensional motion around the met£il particles without desorbing from the 
surface. When the hydrogen pressure was increased to about 0.5 Torr, a 
transition from inhomogeneous to homogeneous line broadening occurred. A 
detailed analysis of lineshapes and the activation energies involved showed that 
this transition was a resvdt of hydrogen motion that involved several processes: 
fast diffusion on a single particle, recombination, desorption, interparticle 
diffusion and readsorption (26). A similar effect was observed when the selective 
excitation experiment was performed with the catalysts studied in this work: at 
a low hydrogen pressure of 10~® Torr the line was inhomogeneously broadened, 
but a transition to homogeneous broadening occurred at elevated pressures. An 
example of such transition is shown in Fig. 5 for a l%Pt-3%Rh/Al203 catalyst. 
Thus, at a pressure of 7 Torr, hydrogen is in fast exchange with all surface metal 
sites present in the sample as it moves from one metal particle to another, 
whereas at 10~® Torr the interparticle motion is restricted. Clearly, if 
monometallic Pt and Rh particles were present in large concentrations then two 
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separate resonances corresponding to H/Pt and H/Rh would be visible at these 
lower pressures. Instead, only one resonance was observed at 10 ^ Torr which 
has a slightly increased linewidth and almost the same position compared to the 
resonance at 7 Torr (Fig.4). This result suggests that for the most part 
bimetallic particles are formed and the concentration of monometallic particles 
is negligible. In addition, since the resonance at 10"® Torr does not cover a broad 
range of resonances between H/Pt (-16 ppm) and H/Rh (-135 ppm), we can infer 
that the distribution of particle compositions is fairly narrow. 
The interpretation of the observed shifts in terms of siirface composition is 
not straightforward. It is generally recognized that the large Knight shifts 
occur because of the bonding overlap between the hydrogen Is orbitals and the 
conduction electrons of the underlying metals. Although the local density of 
electronic states on the surface of a bimetallic particle must reflect the surface 
segregation, it is not apparent at what range Pt and Rh retain their own 
electronic character. Two Limiting cases can be considered: (I) a localized model 
which would result in the hydrogen shift on Pt and Rh to be independent of 
other neighboring and underljdng atoms and identical to that on pure metals, 
and (II) a non-local picture which assumes that the adsorbed hydrogen 
experiences an average environment dependent on the sample composition. 
These two cases are discussed below in more detail. 
30 
(I) According to the localized model, in the absence of motion we shotdd observe 
two resonance shifts 5pt and 5Rh consistent with hydrogen on pure Pt and Rh. 
The presence of one hydrogen-on metal resonance suggests that hydrogen is in 
fast exchange on Pt and Rh adsorption sites relative to the NMR time scale. The 
correlation time Tex, for this dynamic exchange process must satisfy the condition 
Tex« (27rAv)~^, where Av is the difference between the resonance frequencies of 
the exchanging spins. In this exchange process an adsorbed proton experiences 
a Knight shift interaction that is proportional to the hyperfine field contributed 
from Pt and Rh sites in the lattice (34) and the observed shift, 5pt-Rh, can be 
expressed by the following; 
5pt-Rh = 6pt XSpt + 5Rh X^Rh [3] 
where X^pt and X^RH are the surface atomic fractions of Pt and Rh, respectively. 
The above expression can be used to determine the surface compositions of 
Pt-Rh/AlaOa catalysts from the monometallic shifts, 5pt and 5Rh, from Figures 
3(a) and 3(e), respectively. This procedure is based on two further assumptions: 
(i) The hydrogen to metal stoichiometry at the siirface is the same for both 
metals. This assumption appears to be well justified by the results of NMR 
spin covmting. The integrated intensities of hydrogen-on-metal peaks in the 
NMR spectra at 7 Torr of hydrogen yielded approximately the same H/Ptsurface 
and H/Rhsurface ratios [1.2 (± 0.2) and 1.1 (± 0.2), respectively] for the Pt/Al203 
and Rh/AlaOs catalysts. 
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(ii) The shifts 5pt and 5Rh are both independent of particle size. This is 
justified simply by noting that the distribution of shifts for Pt/AlaOa and 
Rh/AlaOa is small compared to the difierence between the resonance line 
positions for these two catalysts. 
(II) The segregation of atoms on the surface of highly disordered bimetallic 
systems has been successfully described by the tight-binding Hartree-
Hamiltonian model to determine the electronic energy (35). According to this 
model, the local electronic density of states (E) of the bimetallic system can be 
described in terms of the densities of states of individual components (Pt and Rh 
in our case) as: 
(E) = pj^pt X^pt + p^Rh (1- X^Pt) —-[4] 
The above relationship is valid for the bulk as well as for surface layers 
(subscript X denotes the coefficients for the A.th layer). On the other hand, the 
Knight shift is dominated by the Fermi contact term which can be expressed as 
K=<a>Xp, where <a> denotes the hyperfine coupling constant and Xp is the Pavdi 
susceptibility. Since Pauh susceptibility is directly proportional to the density of 
states at the Fermi s\irface, the Knight shift for a disordered system can be also 
expressed by an equation similar to [4]. Thus, regardless of hydrogen dsoiamics 
and without the assimiptions (i) and (ii) discussed earher for the localized case, 
the NMR shifts can be used to determine a 'non-local' concentration Xpt. 
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Although it is unclear how many imderlying layers affect the adsorbed atom, the 
data presented here indicate shght rhodium segregation (as discussed later) in 
the region of the particle that is probed by NMR. The non-local model has 
been earlier postxilated for similar Pt-Rh bimetallic clusters based on NMR 
studies of adsorbed CO (23, 24). 
We finally note that regardless of which model is operable in the system 
under study, NMR provides us with a unique and valid insight because it probes 
the very properties of the metal surface that are responsible for their catalytic 
performance, at least in reactions determined by the adsorption characteristics 
of hydrogen. The influence of hydrogen on the surface compositions of Pt-Rh 
catalysts, as observed in this work, is discussed below. 
The experimentally determined and simvdated values of surface rhodium 
composition (expressed as atom fraction) are plotted against the overall rhodium 
composition in Fig. 6. The simulations were performed at 304 K with the 
parameter A fitted to give the best agreement with the surface compositions 
derived from NMR. The difference in the heats of adsorption of hydrogen on Rh 
relative to Pt was found to be 13 kJ/mole at 304 K. The simulations pursued at 
673 K (not shown), the reduction temperature which is the highest temperatxare 
possible for equilibration of compositions, yielded a value of 15 kJ/mole for A 
indicating that this parameter is relatively insensitive to temperature. 
The results presented in Fig. 6 clearly demonstrate the influence of 
adsorbates on the surface composition of a bimetaUic catalyst. In the case of the 
adsorbate-free Pt-Rh system, the difference in the surface energies between the 
two metals determined from the site energies (see Table 1) for a 31% dispersed 
particle is about 10 kJ/mole favoring Pt on the surface. In the presence of 
hydrogen, it is seen from experimental results and theory that the surface is 
sUghtly enriched in Rh with the heat of adsorption of hydrogen about 13 kJ/mole 
greater on Rh than on Pt. 
The above qualitative analysis is a useful, general procedxire to assess the 
potential for an adsorbate in a reactive environment to influence the surface 
composition of a bimetaUic catalyst. An example where the surface composition 
is not influenced by hydrogen chemisorption is the Ru-Cu bimetallic system. 
The difference in surface energies between Ru and Cu for a closed packed 
surface as estimated from site energies is about 80 kJ/mole. The heats of 
adsorption of hydrogen on Ru and Cu are roughly 90 and 40 kJ/mole, 
respectively, and the corresponding difference of 50 kJ/mole is significantly 
smaller than the difference in the surface energies. Thus hydrogen can not 
cause reversal of surface segregation behavior of the Ru-Cu bimetallic system 
and we would expect segregation of Cu to the surface of Ru-Cu bimetallic 
catalysts even in the presence of hydrogen. Indeed, Wu et al. (3), using NMR, 
34 
observed that copper segregated strongly to the surface of hydrogen covered Ru-
Cu/SiOa catalysts. 
Conclusions 
The surface compositions of Pt-Rh/AlaOa catalysts in the presence of 
hydrogen were significantly different firom those of adsorbate-firee surfaces. The 
surface compositions determined via NMR indicated that the surface was 
slightly enriched in Rh as opposed to enriched in Pt on an adsorbate-firee surface. 
Furthermore, selective excitation NMR of adsorbed hydrogen indicated that 
these Pt-Rh catalysts consisted primarily of bimetallic particles with a fairly 
narrow distribution of compositions. 
A comparison of experimentally obtained surface compositions with 
simulated values gave an estimate of 13 kJ/mole for the difference between the 
heats of adsorption of hydrogen on Pt and Rh at 304 K with the heat of 
adsorption being higher on Rh. The approach given here can be generalized to 
predict the surface segregation behavior of a bimetallic system in the presence of 
various adsorbates if the overall difference between the metal sxirface energies 
and heats of adsorption of an adsorbate on the two metals are known. Such a 
method is very useful in predicting whether only one metal or both metals are 
present with significant concentration at the surface of bimetallic catalysts 
under reaction conditions. In this work, it was noted that both Pt and Rh were 
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present in significant concentrations at the surface of Pt-Rh bimetallic catalysts 
under the influence of hydrogen adsorption. Quantification of surface 
compositions under reaction conditions gives useful information which is 
required to determine the catalytic activity per active metal site (turnover 
frequency). A better understanding of the catalytic activity of bimetallic systems 
can be gained if these results are correlated with reaction studies. 
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Table 1 
Surface energies (in kJ/mole) at specific surface sites (27) 
Site Type Formula for 
site energy E 
Surface 
firaction 
of site 
ERh Ept Enh-Ept 
Bulk 12ei2 -554.55 -563.23 
(111) plane 9S9 — 12s 12 0.65 110.91 100.30 10.61 
(100) plane 8S8 - 12SI2 0.13 148.52 139.84 8.68 
Edge 787 — 12EI2 0.19 186.14 178.42 7.72 
Comer 686 — 12812 0.03 224.71 217.96 6.75 
Mixing energy for Pt-Rh system = -0.67 kJ/mole 
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Table 2 
Heats of adsorption of hydrogen on Pt and Rh in various forms 
Metal Form Temperature AHads.H2 Ref. 
Range (K) (kJ/mole) 
Pt Film 278-395 33-87 30 
Foil 140-600 67.0 30 
Filament 300 108.0 30 
Tip 4.2-300 67.0 30 
Tip 83-293 62.0 30 
Tip 80-300 105.2 29 
Supported: 
(i) Charcoal 97-109 28 
(ii) T1-AI2O3 723 49.0 28 
(iii) Si02-Al203 723 46.0 28 
(iv) SiOa 673-723 83-110 28 
(v) Ti02 473-773 25-97 28 
Rh Film Room Temp 117.1 30 
Filament 100-300 75.3 30 
Filament 196-350 79.4 29 
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Table 3 
NMR results of hydrogen chemisorbed on y-AlaOa supported catalysts 
Catalyst Knight Shift 
5 (ppm) 
Overall Atom 
Fraction, X^Rh 
Surface Atom 
Fraction, X^Rh 
3% Pt -16.0 0.0 0.0 
3% Pt - 1% Rh -74.0 0.39 0.49 
3% Pt - 3% Rh -110.0 0.66 0.79 
1% Pt - 3% Rh -123.0 0.85 0.90 
3% Rh -135.0 1.0 1.0 
Errors in Knight shifts; ± 1 ppm 
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Figure Captions 
Figure 1. NMR spectra for 3% Rh / y-Al203 catalyst with (a) 7 Torr Ha 
and (b)10~® Torr Ha after evacuation of Ha in (a) for 10 minutes 
Figure 2. ^ H NMR spectra for 3% Pt / AI2O3 catalyst with sample with 
deuterium exchanged with support hydrogen at 397®C for 2 hrs, 
(a) evacuated to 5 xlO~® Torr, (b) same sample in (a) with 7 Torr 
Ha. (c) difference spectrum of G')-(a) 
Figure 3. ^H NMR spectra of hydrogen chemisorbed on the monometallic 
Pt and Rh and three bimetallic Pt-Rh catalysts supported on y-
AI2O3 with 7 Torr of hydrogen, (a) 3% Pt (b) 3% Pt-1% Rh (c) 3% 
Pt-3% Rh (d) 1% Pt-3% Rh and (e) 3% Rh. The overall mole 
fraction of rhodium - X°RJ, is indicated for each catalyst. 
Figure 4. ^H NMR spectra for 1% Pt - 3% Rh / AlaOa catalyst with (a) 7 
Torr Ha and (b) 10~® Torr Ha after evacuation of Ha in (a) for 10 
minutes 
Figure 5. ^H NMR selective excitation experiments for 1% Pt - 3% Rh / 
AlaOa catalyst with (a) 7 Torr Ha and (b) 10~® Torr Ha. 
Figrire 6. Surface mole fraction of Rh against overall mole fraction of Rh for 
experimental data and atomistic simxilations at 304 K in the presence 
and absence of hydrogen. The legend gives the values of A in kJ/mole, 
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corresponding to the difference between the heats of adsorption of 
hydrogen on platinum and rhodixun. 
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(a) 7 TOIT H, 
(b) 10'® Torr H, 
250 200 150 100 50 0 -50 -100 -150 -200 -250 
Shift (ppm) 
Figure 1. 
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(a) Dg exchange 
(b) 7 Torr Hg after 
Dg exchange 
(c) Difference spectrum 
250 200 150 100 50 0 -50 -100 -150 -200 -250 
Shift (ppm) 
Figxire 2. 
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7 Torr H, 
(b) 0.39 
(c) 0.65 
(d) 0.85 
250 200 150 100 50 0 -50 -100 -150 -200 -250 
Shift (ppm) 
Figure 3. 
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(a) 7 Torr H. 
(b) 10-° Torr H, 
250 200 150 100 50 0 -50 -100 -150 -200 -250 
Shift (ppm) 
Figure 4. 
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(a) TTorrH 
•V 
(b) 10'® Torr H, 
250 200 150 100 50 0 -50 -100 -150 -200 -250 
Shift (ppm) 
Figrire 5. 
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Abstract 
The kinetics of hydrogen chemisorption on the surfaces of silica supported 
Pt, Rh and Ru catalysts was studied by means of NMR selective excitation 
experiments. The values of the desorption and adsorption rate constants 
determined from the exchange parameter were higher on Rh and Ru catalysts as 
compared to the Pt catalyst. The differences in the values of the desorption rate 
constants were not only due to different activation energies of desorption on 
these metal surfaces but also due to significantly different pre-exponential 
factors. The apparent sticking coefficients of hydrogen were at least 10 fold 
lower on Pt as compared to Rh and Ru catalysts, causing lower rates of 
hydrogen adsorption on Pt catalysts as compared to Rh and Ru catalysts. 
However, the sticking coefficients of hydrogen on these supported catalysts were 
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higher than those on corresponding single crystal surfaces at given temperature 
and hydrogen coverage. This suggested that the surface defects are active for 
the trapping and dissociation of H2 molecules on the metal surfaces. 
1. Introduction 
Hydrogen is an important reactant for catalytic studies of practical as well 
as fundamental interest. Many commercial processes such as hydrocracking and 
hydrotreating of petroleimi feedstocks involve hydrogenations over supported 
catalysts (1). Model reactions such as hydrogenolysis and isomerization are used 
for the purposes of fundamental studies. Valuable information regarding 
structure sensitivity or insensitivity of catalysts can be obtained by studjdng 
such reactions (2,3) and hydrogen plays an important role in these reactions. 
Hydrogen, adsorbed in various forms, is known to be highly mobile even at room 
temperature on the surfaces of transition metal catalysts (4,5). The availability 
and hence the mobility of hydrogen on the surfaces of transition metal catalysts 
may be important in \inderstanding the mechanisms of such reactions (6, 7). 
There is a wealth of experimental data regarding the hydrogen binding 
energy and sticking coefficients of hydrogen on various transition metal surfaces. 
Most of this data is obtained firom techniques such as thermal desorption, work 
function measurements and molecular beam techniques. Goodman et al. (8) 
have studied binding energies and kinetics of adsorption-desorption of hydrogen 
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on Ru(1120) siirface. Shimizu et al.(9) have reported a value of 0.25 for initial 
sticking coefficient So of hydrogen on Ru(OOOl) whereas a So value of 1.0 has 
been reported on Ru(lOlO) surface (10). The value of So has been reported to be 
about 0.55 to 0.65 on Rh(lll) surface at 150 K (11,12) whereas it is about 1.0 on 
Rh(llO) surface at 85 K (13). The value of So for hydrogen has been reported 
(11, 14) in the range of 0.016 to 0.07 for Pt(lll) and Pt(lOO) surfaces which are 
more "close packed" surfaces. The more "open" surfaces with lower Pt 
coordination, such as Pt(211) and Pt(llO) have much higher values of initial 
sticking coefficients (14). Similarly, polycrystalline Pt jSlaments have higher 
hydrogen sticking coefficients (15, 16, 17 and see Table 3). This suggests that 
sticking coefficient is higher for the surfaces with defects or the presence of low 
coordination sites. It has also been reported that the hydrogen sticking 
coefficients decrease with temperature on Pt filaments (15). Although the 
interaction of hydrogen with single crystal transition metal surfaces has been 
studied quite extensively, no study reporting the kinetics of hydrogen 
chemisorption on supported metal catalysts, has come to our attention. 
In this work, the dynamics of hydrogen on the surfaces of Pt, Rh and Ru 
catalysts supported on silica was studied using NMR selective excitation 
experiments. Using a multisite exchange model of Engelke et al.(4), values of 
the activation energy for hydrogen desorption, the rate constants of hydrogen 
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desorption and adsorption as well as sticking coefficients of hydrogen on Pt and 
Rh surfaces were obtained. 
2. Methods 
2.1. Catalyst preparation 
Platinum, rhodium and ruthenium catalysts supported on silica were 
prepared by incipient wetness impregnation method using Pt(NH3)4(N03)2 
(AESAR) and Rh(N03)3x2H20 (AESAR) and Ru(N0)(N03)3 (AESAR) as 
precursors. Appropriate amovints of the metal salts were dissolved in deionized 
water and a measured amoxmt of support was added to the solution. The 
resvdting slvirry was dried at room temperature for 20 hours and then at 393 K 
for 8 hours. 
All of the catalysts were reduced in flowing hydrogen at 673 K and 
subsequently washed with hot deionized water to remove residual water soluble 
impurities and reduced again in the NMR probe. Selective hydrogen 
chemisorption was used to measure the dispersion of the catalysts according to a 
method developed by Uner et al. (18) and these dispersions are listed in Table 1. 
2.2. NMR Experiments 
The NMR experiments were carried out using a home built spectrometer with a 
proton resonance frequency of 250 MHz. The measurements were done using a 
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home-built in situ NMR probe connected to a vacuum/dosing manifold which 
allowed for an easy control of hydrogen pressure dxiring the measurements. All 
spectra were recorded at a temperature of 304 ± IK. A dwell time of 5 fis was 
used and number of scans varied from 3600 to 7200 with a repetition time of 0.5 
s for the NMR spectra. Selective excitation experiments were done using a 
DANTE pulse sequence consisting of 30 short pulses (4). A pulse separation of 
10 |IS was chosen resulting in total duration of 300 |J.S for the DANTE sequence 
and a hole width of 3.3 kHz. After a recovery period of 10 fis, a final 90° pulse 
was applied foUowed by the detection of the free induction decay. 
The effect of motion on the frequency-selective inversion of spin 
magnetization was incorporated into a multisite exchange model by Engelke et 
al. (4). The model assumed that exchange occurs between all magnetically 
iaequivalent sites and the magnetization exchange was treated as a first-order 
process. The "real" motional process for hydrogen motion was modeled as a 
second-order process with pseudo first-order rate constants introduced in the 
equations. The exchange process was characterized by the NMR exchange 
parameter kex which quantified the average hydrogen mobility. It was shown 
that the exchange of hydrogen spins between different metal sites involved 
desorption from one site, gas phase diffusion and readsorption on another site. 
It was further shown that the exchange parameter kex is related to the 
desorption rate constant kd by the relation, 
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KEX = I^^IKDI [1] 
i=l 
' (1—V£)cTi ^ai®i roi 
where <t: —- with Vi [2] 
where Si and kai correspond to the fraction of vacant sites and adsorption rate 
constant for site i, respectively. Assuming that all the parameters, i.e., the 
adsorption and desorption rate constants as well as the hydrogen coverage and 
the fraction of vacant sites is uniform over the entire metal surface, the above 
equations can be simplified to, vi = 1/N and hence cti' = cti / N. In that case, the 
relationship between kex and kd simplifies to 
kex=kd6H [3]  
where 0H which is same as FFI corresponds to the amount of hydrogen adsorbed 
per surface metal site (H/Msurface) or the surface coverage of hydrogen. 
The desorption rate constant is related to the adsorption rate constant by the 
relation arising from adsorption-desorption equilibrium for hydrogen, 
k.PH2a-9H)^=M| w 
Thus the desorption and adsorption rate constants were determined upon 
knowing the exchange parameter. Once these coefficients were known, the 
apparent sticking coefficient S at that coverage and temperature was 
determined from the following relations: 
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dN^/dt 
dNf/dt 
[5] 
[6] 
dNf PH2A [7] 
dt •v/27rmkT 
where A is the surface area of catalyst sample, m is the mass of impinging gas 
particle, T is the surface temperature in K and Ns is the number of sxirface metal 
atoms which can be calculated knowing the weight of the sample and the 
catalyst dispersion. The quantities dNa/dt and dNf/dt represent the rates of 
hydrogen adsorption and impingement of hydrogen on catalyst surface, 
respectively. The apparent sticking coefficient refers to the entire surface of the 
metal particles although hydrogen adsorption might be occurring mainly on the 
defect-like sites. The sticking coefficient at a given temperature and hydrogen 
coverage was found to decrease in the order Rh>Ru>Pt. 
3. Results and Discussion 
The experimental selective excitation spectra for the Rh catalyst at 
various temperatures and a coverage (H/Rhs) of 0.4 are compared in Fig. 1 with 
the simulated spectra obtained from the multi-site exchange model developed by 
Engelke et al. (4). The desorption and adsorption rate constants as well as the 
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sticking coefficients were obtained from the exchange parameter according to the 
procedxure described in the methods section. 
The selective excitation experiments were carried out at different 
temperatures and the exchange parameters and hence the desorption constants 
were obtained as a function of temperatxire. An Arrhenius plot is obtained from 
this data for Pt, Rh and Ru/Si02 catalysts (see Fig. 2). The activation energy 
Edes for hydrogen desorption was obtained from such a plot for all the catalysts. 
It can be seen that ka, kd and S are much higher for Rh and Ru catalysts than 
those for Pt catalyst. The activation energy Edes for hydrogen desorption 
decreases in the order Rh>Pt>Ru. All these parameters, i.e., the desorption and 
adsorption rate constants, the apparent sticking coefficients and the activation 
energies of hydrogen desorption are listed in Table 1 for Pt, Rh and Ru/SiOa 
catalysts. 
The sticking coefficients obtained in this work on silica supported Pt, Rh 
and Ru catalysts are plotted in Fig. 3. These were obtained as a function of 
coverage only on the Ru/SiOa catalyst at 296 K. The single crystal data on these 
metal surfaces is also plotted on this same graph for comparison (9-17). The 
sticking coefficients on the supported metal catalysts were observed to be higher 
than those on single crystal surfaces. 
58 
3.1. Sticking coefficients 
As seen from Table 3, the closed, packed transition metal surfaces have 
lower hydrogen sticking coefficients than the crystallographically more "open" 
surfaces. Hence supported metal catalysts would be expected to exhibit higher 
sticking coefficients of hydrogen. This appears to agree with oxir results on 
Ru/SiOa, Rh/Si02 and Pt/Si02 (see Fig. 3). The sticking coefficients of hydrogen 
on our Rh and Pt catalysts were found to be 0.52 and 0.014, respectively at 
hydrogen coverage of 0.4 and at 333 K and about 0.18 on Ru catalyst at 296 K an 
hydrogen coverage of 0.4. The sticking coefficients on Ru/SiOa were also 
determined as a function of coverage and are higher than the values reported on 
Ru(OOOl) surface (9). It was shown by Christmann et al.(19) and Rendulic et al. 
(20) that the concentration of surface defects governs the trapping and 
subsequent dissociation of a H2 molecule. The roughness of crystallographically 
more "open" surfaces provides very efficient channels for trapping and 
subsequent dissociation. Since supported metal particles have much larger 
concentration of siirface defects, it is reasonable that higher sticking coefficients 
of hydrogen were observed on supported metal catalysts in this work as 
compared to single crystal siurfaces. 
For most of the single crystal and even polycrystalline Pt surfaces, the 
sticking coefficient is almost zero at hydrogen coverage of 0.4. The sticking 
coefficient of hydrogen on Rh(lll) at a coverage of 0.4 is much lower than that 
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on Rh/SiOa (obtained in this work) at the same coverage. However, the sticking 
coefficient on Rh(llO) appears to be much higher but that is because the single 
crystal data was taken at a much lower temperature of 88 K as opposed to our 
data taken at 333 K. From the data on Pt filaments (see Table 2), it can be seen 
that the hydrogen sticking coefficient decreases with increasing temperature. If 
the adsorption occvirs via a precursor mediated process then the sticking 
coefficient is determined by the number of jxmips/hops of the adatoms on the 
surface before it can desorb (21). As the temperature is increased, the number 
of jumps increases almost exponentially and probability of desorption greatly 
increases resulting in lower sticking probability. Many workers (11, 14, 15) have 
reported that the shape /nature of the plot of the sticking coefficient versus 
hydrogen coverage on single crystal Pt and Rh surfaces suggests that adsorption 
is occurring via a precursor intermediate on these surfaces. In most of these 
studies two adsorbed states of hydrogen were observed firom thermal desorption 
studies, one strongly boimd state with high binding energy and the other with 
low binding energy ascribed to a preciirsor state. Norton and Richards (15) 
argue that the initial, high and constant values of the sticking coefficient are due 
to high probability of the precursor state translating into the more strongly 
boimd state and S decreases rapidly with increasing 9 because the probability of 
hydrogen in the precursor state translating into the more strongly boxind state 
diminishes rapidly. 
60 
3.2. Activation energies of desorption 
The adsorption and desorption rate constants were lower on Pt catalyst by 
a factor of 20 to 40 as compared to those on Rh said Ru catalysts at various 
temperattires and given hydrogen coverage. 
Hydrogen desorption from transition metal surfaces is a second order, 
activated process and the desorption rate constant can be expressed as: 
kd = kdo exp (-Edes/RT), [1] 
where Edes is the activation energy of desorption and kdo is the pre-exponential 
factor. The activation energies of hydrogen desorption on Rh, Pt and Ru 
surfaces were found to be 79, 66 and 43 kJ/mole at a hydrogen coverage of 0.4. 
However, the desorption rate constants were much higher on Rh and Ru surfaces 
as compared to Pt surface. In case of Pt and Ru surfaces this can be easily 
understood because the exponential term will be much higher on Ru surface 
compared to Pt due to lower value of Edes on Ru relative to Pt and this wiU result 
in higher desorption rate constants on Ru. However, the result that Rh has 
higher values of Edes and kd both as compared to Pt suggests that the pre-
exponential factors must be significantly different on these two surfaces. The 
pre-exponential factors on Pt sxurfaces must be much smaller as compared to 
those on Rh surfaces. Similarly this factor on Ru surfaces also must be smaller 
than those on Rh surfaces for the desorption rate constants to be comparable on 
these the Rh and Ru catalysts. 
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3.3. Implications for catalysis 
It was observed in this work that there are inherent differences in the 
mobility behavior of hydrogen on various transition metal surfaces such as silica 
supported Pt, Rh and Ru. This could be related to the differences in the catalytic 
activity of these metal catalysts for various reactions. It is known that Rh, Ru 
and Ir show higher activity for hydrogenolysis whereas Pt is more active for 
skeletal isomerization (22, 23, 24). Goddard et al.(25) using a kinetic model for 
ethane hydrogenolysis over Pt, Pd, Ir and Co concluded that the reaction 
mechanism was significantly influenced by hydrogen partial pressure but not by 
ethane partial pressure. It has been observed experimentally that the rate of 
hydrogenolysis of ethane was inversely proportional to hydrogen pressxire (3, 22, 
23). Many workers (22, 23, 26, 27, 28) have observed that the rate determining 
step for the ethane hydrogenolysis reaction was the breaking of carbon-carbon 
bond of dehydrogenated hydrocarbon species, on several transition metals such 
as Ru, Pt, Rh, Ir etc. Oliver and Kemball (24) found this to be true for Pt and Rh 
both supported on silica, below 450 K but they observed that desorption of 
methane became the rate controlling step above this temperature. Frennet et al. 
(28) observed that desorption of methane was the only irreversible step for 
ethane hydrogenolysis on an Rh film. The rates for both these steps are 
dependent on the concentration of adsorbed hydrogen species on the stirface. 
The mobility of hydrogen involving adsorption and desorption, dictates the 
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concentration of hydrogen on the surface. Hence xmderstanding the kinetics of 
hydrogen chemisorption is useful in understanding the mechanisms of reactions 
involving hydrogen. 
4. Conclusions 
The mobility of hydrogen was higher on Rh and Ru surfaces as compared 
to that on Pt surfaces. The rate constants for desorption and adsorption of 
hydrogen as well as the sticking coefficient of hydrogen on Ru and Rh catalysts 
were found to be higher than that on Pt catalyst. The sticking coefficients of 
hydrogen decreased in the order of Rh>Ru>Pt. The sticking coefficients on 
supported metal catalysts were higher than the corresponding single crystal 
surfaces which suggested that the defect-like sites are highly active for 
dissociative hydrogen adsorption on these metal surfaces. The desorption rate 
constants on Rh and Ru were comparable to each other but were higher than 
those on Pt by a factor of 20 to 40. However, the activation energy of hydrogen 
desorption was found to decrease in the order Rh>Pt>Ru. This impHed that the 
differences in rate constants were not only due to different activation energies 
but also due to different pre-exponential factors and this factor must be smaller 
on Pt and Ru catalysts as compared to Rh catalysts. 
Thus the various kinetic parameters for hydrogen chemisorption were 
different on the silica supported Rh, Ru and Pt catalysts. These could be 
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responsible for different activity exhibited by these transition metals towards 
various hydrogenation and hydrogenolysis reactions. 
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Table 1 
Kinetic parameters for hydrogen chemisorption on silica supported Rh, 
Ru £uid Pt surfaces at hydrogen coverage of 0.4: 
3% Rh/Si02 4% Ru/Si02 5% Pt/SiOa 
Disp.(%) 60 20 38 
T(K) 333 296 333 
kex(s-l) 4.0x102 2.0x102 8.0x10° 
kd (s-1) 1.0x103 5.0x102 2.0x101 
ka (Pa*^ s'^) 4.2x105 6.3x105 2.3x105 
S at 350 K 0.52 0.12 0.014 
Edes (kJ/mole) 79 43 66 
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Table 2 
Catalyst Temp. (K) Ha coverage Sticking Coeff. Ref. 
Rh (111) 150 0.0 0.55 11 
0.4 0.28 
Rh (110) 85 0.0 1.0 13 
0.4 0.88 
Pt (111) 150 0.0 0.06 11 
0.4 0.00 
- 0.0 0.016 14 
Pt (100) - 0.0 0.07 14 
Pt (211) - 0.0 0.14 14 
Pt (110) - 0.0 0.33 14 
Pt 189 0.0 0.13 15 
Filament 
0.4 0.017 15 
350 0.0 0.06 15 
273 0.4 0.4 16 
298 0.4 0.0 16 
- 0.0 0.0045 17 
- 0.0 0.1-0.16 16 
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Figure Captions 
Figiire 1. Comparison of experimental selective excitation spectra at different 
temperatures and simulated spectra with fitted exchange parameters 
for 3% Rh/SiOa catalyst. 
Figure 2. Arrhenius plots for (a) 3% Rh/Si02 catalysts, (b) 4% Ru/Si02 and 
(c)5% Pt/Si02. 
Figure 3. Sticking coefficients of hydrogen on supported and single crystal Pt, Rh 
and Ru surfaces as a function of hydrogen coverage. 
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Figure 1. 
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(a) 3%Rh/SiO, 
(b) 4% Ru/SiO 
(c) 5% Pt / SiO 
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Figure 2. 
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Abstract 
The djoiamics of hydrogen on the surfaces of silica supported Pt, Rh and 
Pt-Rh catalysts was studied by means of NMR selective excitation 
experiments. The adsorption and desorption rate constants as well as the 
apparent sticking coefficients of hydrogen on platinum surfaces were observed to 
be lower than that on rhodiimi and bimetallic surfaces. The behavior of the Pt-
Rh bimetallic catalysts regarding hydrogen mobihty was similar to Rh catalysts 
and this could be due to the structvire sensitivity of hydrogen chemisorption. 
Surface compositions of these bimetallic catalysts were also determined firom 
NMR Knight shifts. It was found that the surface was sHghtly enriched in 
rhodium in the presence of hydrogen. A comparison of the experimental data 
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with the atomistic simulations suggested that the heat of adsorption of hydrogen 
on rhodium is about 10 to 15 kJ/mole higher than that on platinum. The 
activation energy for hydrogen desorption was fovmd to be about 80 kJ/mole on 
Rh and Pt-Rh catalysts and about 66 kJ/mole on Pt catalyst from selective 
excitation experiments. 
Introduction 
Transition metal catalysts such as Rh and Pt are used for many 
industrially important reactions involving hydrogen such as hydrogenation of 
olefins and benzene, reduction of ketones and CO hydrogenation (1-4). Hydrogen 
is an important reactant in alkane hydrogenolysis reactions which are useful for 
fundamental catalytic studies. Many large scale industrial reactions such as 
Fischer Tropsch synthesis and steam reforming of naphtha involve reaction of 
hydrogen with CO or hydrocarbons over transition metal catalysts (1). 
Hydrogen, adsorbed in various forms, is known to be highly mobile even at room 
temperature on the svirfaces of transition metal catalysts (5,6). The availability 
and hence the mobility of hydrogen on the surfaces of transition metal catalysts 
may be important in understanding the mechanisms of such reactions. For 
example, the increased chain growth probability for Fischer-Tropsch sjnithesis 
on Ru catalysts in the presence of alkali metals can be explained in terms of 
reduction in hydrogen mobility when alkali are present on the surface (7, 8). 
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The interaction of hydrogen on single crystal Pt and Rh surfaces has been 
studied extensively in terms of hydrogen binding energies and kinetics of 
hydrogen chemisorption. The initial sticking coefficient of hydrogen has been 
reported to be in the range of 0.55 to 0.65 on Rh(lll) surface (9, 10). However, 
Ehsasi and Christmann (11) have reported much higher initial sticking 
coefficient of hydrogen about 1.0 on Rh(llO) and have assigned this higher value 
to efficient trapping and subsequent dissociation of hydrogen molecules by 
surface defects present on the crystallographically more "open" Rh(llO) siorface. 
The initial sticking coefficients on Pt(lll) surfaces have been reported to be 
much lower in the range of 0.01-0.06 (9, 12). Lu and Rye (12) have reported that 
the initial sticking probabilities of hydrogen decreases in the order Pt(llO) > 
Pt(211) > Pt(lOO) > Pt(lll) and that the hydrogen adsorption kinetics are 
proportional to (1 - 02). Several workers (13-16) have reported the sticking 
probabilities of hydrogen on polycrystalline Pt filaments. Norton and Richards 
(13) have calculated the rates of hydrogen desorption firom Pt filaments and have 
reported that the sticking coefficient decreases with increasing temperatture. 
There are a few studies (17-20) of hydrogen adsorption on supported Pt and Rh 
catalysts but those are mainly concerning the natvire of adsorbed hydrogen and 
no study regarding kinetics of hydrogen chemisorption has been done on 
supported metal catalysts to the best of our knowledge. 
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It has been observed that Rh has much higher activity for ethane 
hydrogenolysis as compared to Pt whereas Pt is more active for skeletal 
isomerization (21, 22, 23). It has been also reported that the rate of 
hydrogenolysis of ethane decreases with increasing hydrogen pressure (3, 21-24). 
The rate determining step for this reaction on several transition metals such as 
Ru, Pt, Rh and Ir, has been reported to be either the breaking of carbon-carbon 
bond of dehydrogenated hydrocarbon species or the desorption of methane (21, 
22, 25-27). The rates for both these steps are dependent on the concentration of 
adsorbed hydrogen species on the surface which is determined by the hydrogen 
mobility on the surface. Hence understanding hydrogen mobility in terms of the 
rates of adsorption and desorption on these surfaces would be relevant to 
understanding the mechanisms of the model reactions such as ethane 
hydrogenolysis. 
The knowledge of surface compositions is also essential in order to 
characterize a bimetalHc catalyst. The surface compositions are usually 
influenced by adsorbates under reaction conditions (28-32). Further, the activity 
per metal site can only be determined for a bimetaUic catalyst if its surface 
composition is known. This is useful in understanding the presence of geometric 
or electronic effects which can in tiurn, elucidate the mechanisms of model 
catalj^ic reactions. 
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In this work, the d5m.aniics of hydrogen on the surfaces of Pt, Rh and Pt-
Rh bimetallic catalysts supported on silica was studied using NMR selective 
excitation experiments. Using a multisite exchange model of Engeike et al.(5), 
values of the activation energy for interparticle motion, the rate constants of 
hydrogen desorption and adsorption as well as sticking coefficients of hydrogen 
on Pt and Rh surfaces were obtained. The surface compositions of the bimetallic 
catalysts were also determined by a method introduced earlier (32, 33). 
Methods 
Catalyst Preparation 
Platinxim and rhodium catalysts supported on silica were prepared by 
incipient wetness impregnation method using Pt(NH3)4(N03)2 (AESAR) and 
Rh(N03)3x2H20 (AESAR) as precursors. Appropriate amounts of the metal 
salts were dissolved in deionized water and a measured amount of support was 
added to the solution. The resulting slurry was dried at room temperatiire for 
20 hovirs and then at 393 K for 8 hours. The Pt-Rh bimetallic catalysts were 
prepared by co-impregnation method using the same procedure. 
All of the catalysts were reduced in flowing hydrogen at 673 K and 
subsequently washed with hot deionized water to remove residual water soluble 
impurities and reduced again in the NMR probe. Selective hydrogen 
chemisorption was used to measure the dispersion of monometallic as well as 
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bimetallic catalysts according to a method developed by Uner et. al. (34) and 
these dispersions are listed in Table 1. 
The atomistic simulations were done for the bimetallic catalysts according 
to a method described elsewhere (32). The quantity A used in the simulations 
corresponds to the difference between the heats of adsorption of H2 on Pt and Rh 
and is defined as, 
A= I AHads.Rh I - I AHads.Pt I [1] 
Since the reported values of heats of adsorption of hydrogen on Pt and Rh vary 
over a wide range (35, 36), the simulations were done for A values which gave 
best fit to the experimental resiilts. 
NMR Experiments 
The NMR experiments were carried out using a home built spectrometer 
with a proton resonance firequency of 250 MHz. The measurements were done 
using a home-built in situ NMR probe connected to a vacuum/dosing manifold 
which allowed for an easy control of hydrogen pressure during the 
measurements. All spectra were recorded at a temperature of 304 ± IK. A dwell 
time of 5 ^s was used and number of scans varied firom 3600 to 7200 with a 
repetition time of 0.5 s for the NMR spectra. Selective excitation experiments 
were done using a DANTE pulse sequence consisting of 30 short pulses (5). A 
pulse separation of 10 ^s was chosen residting in total duration of 300 |is for the 
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DANTE sequence and a hole width of 3.3 kHz. After a recovery period of 10 |is, 
a final 90® pulse was appKed followed by the detection of the firee induction 
decay. 
Results 
The NMR spectra for silica supported Pt, Rh and Pt-Rh catalysts at 7 
Torr H2 are given in Fig. 1. The surface compositions of the Pt-Rh bimetallic 
catalysts were determined using Knight shifts firom these spectra by a method 
developed earlier (32) and are plotted in Fig. 2 along with the results of 
atomistic simulations. The simulations were done for a 31% dispersed particle 
and a value of 15 kJ/mole for the difference A between the heats of adsorption of 
hydrogen on Pt and Rh at 673 K as well as for an adsorbate firee Pt-Rh surface at 
the same temperatvire. The Knight shifts, the dispersions as well as the overall 
and calculated sxarface compositions for all the catalysts are given in Table 1. 
The simulated pictures for the cubo-octahedron shaped Pt-Rh particle 
with 50% Pt-50% Rh and dispersion of 31% at 673 K for adsorbate-fi:ee and 
hydrogen covered surfaces are given in Figs. 3 and 4 respectively. It can be 
noted that much more rhodixim is present on the surface in the presence of 
hydrogen as compared to the adsorbate-firee surface. It can be also seen that the 
edge and comer sites are mainly occupied by platinum on an adsorbate free Pt-
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Rh surface whereas those sites are occupied by rhodium on a hydrogen covered 
Pt-Rh surface. 
At a hydrogen coverage of 0.4, the hydrogen-on-metal resonance line was 
inhomogeneously broadened and selective inversion of population could be 
achieved. The experimental selective excitation spectra thus obtained were 
compared with the with the simulated spectra based on the multi-site exchange 
model developed by Engelke et. al. (4). The desorption and adsorption rate 
constants as well as the apparent sticking coefficients of hydrogen, Hsted in 
Table 2, were determined from the exchange parameter according a method 
described elsewhere (37). The desorption rate constants were 20 to 40 times 
higher on Rh and Pt-Rh catalysts as compared to Pt catalyst. The adsorption 
rate constant and the apparent sticking coefficient were also higher on Rh and 
Pt-Rh catalysts than those on Pt catalyst. The selective excitation experiments 
were carried out at different temperatures but constant hydrogen coverage and 
the desorption rate constant kd was obtained as a function of temperatvure, from 
such comparison of experimental and simxilated spectra. An Arrhenius plot of 
the desorption rate constant versus inverse temperature was obtained from this 
data for Rh/Si02 as well as for one Pt-Rh/Si02 and Pt/Si02 catalyst (see Fig. 5). 
The activation energy of hydrogen desorption, Edes. was be obtained from such a 
plot and was about 80 kJ/mole on Rh and Pt-Rh catalysts and about 66 kJ/mole 
on Pt catalyst at hydrogen coverage of 0.4. 
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Discussion 
Surface compositions 
It can be noted that only one upfield peak is seen (Fig. 1) in the spectra for 
all catalysts that were exposed to 7 Torr of Ha. Further, the hydrogen-on-metal 
peak shifts toward upfield direction as the overall composition of the catalysts 
was increased firom pxire Pt to pure Rh. These observations suggested that the 
NMR shifts can be used to determine the surface composition of the Pt-Rh 
bimetallic catalysts. In an earUer work (32), two possible limiting cases of a 
localized and non-local electronic structure for Pt-Rh bimetallics were discussed. 
According to the localized case, hydrogen is in fast exchange relative to the NMR 
time scale, between Pt and Rh adsorption sites whereas in the non-local case, 
the dsnaamics of hydrogen is not important. In either case, the surface 
composition of the bimetallic catalysts can be related to the observed NMR 
Knight shifts by the following weighted average expression (32): 
Spt-Rh = 6pt XSpt + 5Rh X^Rh [2] 
where 5pt-Rh is the observed shift for hydrogen on a bimetallic catalyst, 5pt and 
5Rh are the observed lineshifts on monometallic platinum and rhodium catalysts, 
and X^pt and X^Rh = 1 - X^pt, are the surface compositions of platinimi and 
rhodixim, respectively. 
The experimentally determined values of surface compositions (expressed 
as svirface atom firaction of rhodium) are compared in Fig. 2, along with the 
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values obtained from atomistic simulations involving coordination dependent 
bond energies. The diagonal line corresponds to no surface segregation and the 
corresponding value for the difference A obtained from site energies is 9.7 
kJ/mole. It was found that the parameter A is insensitive to temperature and 
the simulations in Fig. 2 were done for a A value of 15 kJ/mole at 673 K. The 
experimental values lie between this simulated curve and the diagonal line 
suggesting that the difference A has a value of in the range of 9.7 to 15 kJ/mole. 
Schoeb et al. (38) performed the atomistic simulations of adsorbate-free surfaces 
of Pt-Rh bimetaUic particles, and observed that platinum segregates to the 
svurface in the absence of any adsorbate. In this work, the experimentally 
determined values of surface composition suggest that the surface of Pt-Rh 
catalysts is sHghtly enriched in Rh but there is no large segregation of any 
component to the surface in the presence of hydrogen. However, the fraction of 
rhodium present at the surface is much more under hydrogen atmosphere than 
the rhoditun fraction present at the surface in the absence of hydrogen. These 
results are similar to those observed on alumina supported Pt-Rh catalysts 
earlier (32). These results are also in agreement with the resxdts obtained by 
van Delft et. al. (28, 29) on Pt-Rh single crystal surfaces who reported that 
hydrogen did not significantly influence the surface compositions of Pt-Rh 
bimetallic catalysts. OHver and Kemball (10) did not determine the surface 
compositions of their Pt-Rh catalysts, but assumed that it was not much 
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different from overall catalyst compositions. This seems to be valid based on 
the residts presented here, at least when a large fraction of the surface is 
covered with hydrogen which is true for many hydrogenolysis reactions. 
Dynamics of hydrogen 
The differences in hydrogen mobility on the surfaces of Pt, Rh and Pt-Rh 
catalysts could be due to influence of surface featxires of metallic particles on 
hydrogen chemisorption as discussed below. From the atomistic simvdations it 
can be seen that when hydrogen is not present on the siirface of a 50% Pt-50% 
Rh particle (D=31%), a large fraction of the edge and comer sites is occupied by 
platinum (Fig. 3). However when hydrogen is adsorbed on the surface of the 
same Pt-Rh particle, (coverage of Ha =1, A = 15 kJ/mole) most of the edges and 
corners are occupied by rhodiimi (Fig. 4). Bemasek and Somoijai (39) observed 
that the step sites were highly active the dissociative hydrogen (deuterium) 
adsorption on Pt svirfaces. Since these defect-like sites are mostly occupied by 
rhodiimi on the Pt-Rh bimetallic catalysts under hydrogen atmosphere, the 
hydrogen mobility would be similar to pure Rh catalyst. Further the bimetallic 
surface is enriched in Rh in the presence of hydrogen as compared to the 
adsorbate-free Pt-Rh surface and this might result in Rh-like behavior of the Pt-
Rh catalysts. 
The desorption rate constants were higher on Rh and Pt-Rh catsdysts as 
compared to Pt catalyst. For non-activated adsorption such as hydrogen 
adsorption on transition metal surfaces, the activation energy for desorption 
would be the same as the heat of adsorption if the process is simple (e.g., 
Langmuir-like) and there is a single adsorption energy. The activation energy 
of hydrogen desorption was found to be about 14 kJ/mole higher on Rh and Pt-
Rh catalysts (80 kJ/mole) than that on Pt (66 kJ/mole). This difference agrees 
very well with the range of 10 to 15 kJ/mole obtained for the difference between 
the heats of adsorption of hydrogen on Rh and Pt from the results on surface 
compositions. 
The sticking coefficients on Pt-Rh bimetallic catalyst with 65 atomic % Rh 
were similar to those on Rh catalyst because the edge and comer sites are 
enriched in Rh under hydrogen atmosphere and these sites are highly active for 
dissociative hydrogen adsorption. Since the sticking coefficient of hydrogen on 
Pt appears to be quite small at a coverage of 0.4, its value on Pt-Rh catalysts 
would be mainly governed by the sticking coefficient on Rh. It was shown (4) 
that interparticle hydrogen motion on Ru/SiOa catalysts occurs mainly via the 
gas phase which means it involves the processes of (associative) desorption from 
one particle, diffusion in the gas phase and (dissociative) adsorption on another 
particle. If the processes of hydrogen adsorption and desorption on Pt surface 
are intrinsically slower than those on Rh surface, then lower hydrogen mobility 
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on a Pt surface relative to Rh. surface can be expected. In case of bimetallic 
catalysts, hydrogen can easily move from Rh atom to Pt atom and back to an Rh 
atom resulting in mobility behavior similar to Rh catalysts. 
Conclusions 
The surface compositions of silica supported Pt-Rh catalysts were 
determined using the Knight shifts of NMR and the sxirfaces of the bimetallic 
catalysts were found to be slightly enriched in Rh imder hydrogen atmosphere 
and significantly different from the surface compositions of the adsorbate-free 
catalysts. A comparison of experimental data with atomistic simulations 
suggested that the heat of adsorption of hydrogen on rhodium was about 10 to 15 
kJ/mole higher than that on platinum.. The mobility of hydrogen was higher on 
Rh and Pt-Rh surfaces as compared to that on Pt surfaces. The rate constants 
for desorption and adsorption of hydrogen as well as the sticking coefficient of 
hydrogen on Pt-Rh and Rh catalysts were found to be higher than that on Pt 
catalyst. The processes of adsorption and desorption of hydrogen appear to be 
intrinsically slower on Pt as compared to Rh catalyst. The behavior of Pt-Rh 
catalysts is similar to Rh catalyst because the defect-like sites, highly active for 
dissociative hydrogen adsorption, are mainly occupied by Rh on the bimetallic 
catalysts under hydrogen atmosphere. 
Such characterization of bimetallic catalysts in terms of their siirface 
compositions imder the influence of hydrogen and the mobility of hydrogen on 
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these surfaces could be useful in understanding the mechanisms of model 
reactions such as ethane hydrogenolysis as well as industrially important 
hydrogenation reactions. 
Acknowledgments 
This work was supported by the U. S. Department of Energy, Office of Basic 
Energy Sciences, Division of Chemical Sciences, under contract W-7405-ENG-82, 
and by the National Science Foundation, Engineering Research Equipment 
Grant CBT-8507418. 
References 
1. Satterfield, C. N., Heterogeneous Catalysts in Industrial Practice, McGraw Hill 
Inc., New York, (1991). 
2. Mills, G. A., and Steffgen, F. W., Catalysis Rev., 8, 159 (1974). 
3. Sinfelt, J. H., Bimetallic Catalysts, John Wiley and Sons, New York, p.9 
(1983). 
4. Bond, G. C., Catalysis by Metals, Academic Press, London, p.320 (1962). 
5. Engike, F., Vincent, R., King, T. S. and Pruski, M., J. Chem. Phys., 101(9), 
7262 (1994). 
6. Engelke, F., Bhatia, S., King, T. S. and Pruski,M., Phys. Rev. B, 49(4), 2730 
(1994). 
7. Uner, D. 0., Pruski, M., and King, T. S., Topics in catalysis, 2, 59 (1995). 
86 
8. Kiskinova, M. M., Studies in Surface Science and Catalysis, 70, Elsevier 
(1992). , 
9. Seebauer, E. G., Kong, A. C. F., and Schmidt, L. D., Appl. Surf. Sci., 31, 163 
(1972). 
10. Yates, J. T., Jr., Thiel, P. A., and Weinberg, W. H., Surf. ScL, 84, 427 (1979). 
11. Ehsasi, M., and Christmann, K., Surf. ScL, 194, 172 (1988). 
12. Lu, K. E., and Rye, R. R., Surf. ScL, 45, 677 (1974). 
13. Norton, P. R., and Richards, P. J., Surf. ScL, 41, 293 (1974). 
14. Lisowski, W., AppL Surf. ScL, 31, 451 (1988). 
15. Procop, M., and Volter, J., Surf. ScL, 33, 69 (1972). 
16. Nishiyama, Y., and Wise, H., J. CataL, 32, 50 (1974). 
17. Sanz, J., and Rojo, J. M., J. Phys. Chem., 87, 4974 (1985). 
18. Eley, D. D., Moran, D. M., and Rochester, C. H., Trans. Faraday Soc., 64, 
2168 (1968). 
19. Dixon, L. T., Barth, R., and Gryder, J. W., J. CataL, 37, 368 (1975). 
20. Wey, J. P., Neely, W. C., and Worley, S. D., J. Phys. Chem., 95, 881 (1991). 
21. Sinfelt, J. H., CataL Rev., 3, 175 (1969). 
22. Sinfelt, J. H., and Yates, D. J. C., J. CataL, 8, 82 (1967). 
23. Oliver, J. A., and Kemball, C., Proc. R. Soc. London, A, 429, 17 (1990). 
24.Goddard, S. A., Amiridis, M. D., Rekoke, J. E., Cardona-Martinez, N., and 
Dumesic, J. A., J. CataL, 117, 155 (1989). 
87 
25. Boudart, yL.,AIChEJ., 18(3), 465 (1972). 
26. Gudkov, B. S., Guczi, L., and Tetenjd, P., J. Catal., 74, 207 (1982). 
27. Frennet, A., Degols, L., Lienard, G., and Crucq, A., J. Catal., 35, 18 (1974). 
28. van Delft, F. C. M. J. M., Niewenhuys, B. E., Siera, J., and Wolf, R. M., ISIJ 
International, 29(7), 550 (1989). 
29. van Delft, F. C. M. J. M., Siera, J. and Niewenhuys, B. E., Surf. Sci., 208, 
365 (1989). 
30. Beck, D. D., DiMaggio, C. L.,and Fisher, G. B., Surf. Sci., 297, 293 (1993). 
31. Beck, D. D., DiMaggio, C. L.,and Fisher, G. B., Surf. Sci., 297, 303 (1993). 
32. Savargaonkar, N., Khanra, B. C., Pruski, M., and King, T. S., J. Catal., in 
press. 
33. Wu, X., Gerstein, B. C., and King, T. S., J. Catal., 121, 271 (1990). 
34. Uner, D. 0., Pruski, M. and King, T. S., J. Catal., J. Catal., 156, 60 (1995). 
35. Gorodeskii, V. V., Niewenhuys, B. E., Sachtler, W. M. H. and Boreskov, G. 
K., Surf Sci., 108, 225 (1981). 
36. Toyoshima, I. and Somorjai, G. A., Catal. Rev.-Sci. Eng., 19(1), 105 (1979). 
37. Savargaonkar, N., Pruski, M., and King, T. S., to be published. 
38. Schoeb, A. M., Raeker, T. J., Yang, L., Wu,X., King, T. S. and DePristo, A. E., 
Surf Sci., 278, L125 (1992). 
39. Bernasek, S. L., and Somorjai, G. A., J. Chem. Phys., 62(8), 3149 (1975). 
88 
Table 1 
iH NMR results of hydrogen chemisorbed on SiOa supported catalysts: 
Catalyst Knight Shifts ^pm) Disp. 
Overall 
Fraction 
Svirface 
Fraction 
5% Pt -25 34 0.0 0.0 
3% Pt - 1% Rh 
-102 32 0.39 0.56 
2.6% Pt - 1.4% Rh 
- 115 56 0.51 0.65 
2% Pt - 2% Rh 
-125 45 0.65 0.73 
1.5% Pt - 2.5% Rh 
- 134 80 0.76 0.79 
1% Pt - 3% Rh 
- 145 48 0.85 0.87 
3% Rh 
- 163 60 1.0 1.0 
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Table 2 
Kinetic parameters for hydrogen chemisorption: 
3% Rh/SiOa 2% Pt.  2% Rh/Si02 5% Pt/Si02 
kex(S-l) 2.0x103 1.0x103 8.0x100 
kd (s-1) 5.0x103 2.5x103 2.0x101 
ka (Pa-^ s-1) 3.37x105 1.68x105 1346 
S at 350 K 4.3xl0'i 1.6x10"! 8.6xl0"3 
Ea (kJ/mole) 79 80 66 
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Figure Captions 
Figure 1. NMR spectra for monometallic Pt and Rh and five bimetallic Pt-Rh 
catalysts supported on silica with 7.0 Torr of hydrogen. The overall 
mole fraction of rhodium - X°Rh is indicated for each catalyst. 
Figure 2. Surface mole firaction of Rh against overall mole firaction of Rh for 
atomistic simulations at 673 K and experimental data. The values 
given in the legend correspond to the difference A (defined in the text) 
between the heats of adsorption of hydrogen on platinum and rhodium 
in kJ/mole. 
Figure 3. Atomistic simulation for an adsorbate-firee 50%Pt-50% Rh particle 
with dispersion of 31% at 673 K. Light atoms are Pt and dark atoms 
are Rh. 
Figure 4. Atomistic simvdation for a hydrogen covered (coverage =1.0) 50%Pt-
50% Rh particle with dispersion of 31% and for a A value of 15 kJ/mole 
at 673 K. Light atoms are Pt and dark atoms are Rh. 
Figure 5. Arrhenius plots for (a) 3% Rh/SiOa catalysts, (b) 2% Pt - 2% Rh/SiOa 
and (c) 5% Pt/SiOa at hydrogen coverage of 0.4. 
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CHAPTER 6. STRUCTURE SENSITIVE HYDROGEN ADSORPTION: 
EFFECT OF Ag ON Ru/Si02 CATALYSTS 
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^Department of Chemical Engineering 
Iowa State University, Ames, lA 50011. 
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Abstract 
The d5Tiamics and energetics of hydrogen chemisorption on siHca 
supported ruthenium and ruthenium-silver bimetallic catalysts were studied by 
iH NMR spectroscopy and microcalorimetry. It was observed that the amount of 
hydrogen adsorbed on Ru particles decreased with increasing amounts of silver. 
The populations of hydrogen adsorption states having intermediate and low 
heats of adsorption were significantly reduced with increasing amounts of silver. 
The desorption and adsorption rate constants, determined from selective 
excitation NMR experiments, were lower on Ru-Ag catalyst than those on Ru 
catalyst at the same temperature and hydrogen coverage. The apparent sticking 
coefficients of hydrogen on Ru-Ag catalyst with 10 atomic % Ag were 10 times 
lower than those on Ru catalyst and were comparable to sticking coefficients 
reported in the Hteratxire for hydrogen adsorbing on Ru single crystal. Thus 
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silver was found to greatly affect both the djmamics and energetics of hydrogen 
chemisorption on Ru/Si02. However, ensemble and electronic effects did not 
play any role in causing these effects. It is postulated here that the influence of 
silver was due to its tendency to selectively segregate to edge, comer and other 
low coordination structures on the Ru particle surface. Hence, hydrogen 
adsorption on these surfaces was foimd to be structure sensitive. 
1. Introduction 
The addition of a second metal to a transition metal can resvdt in marked 
changes in the surface properties of a catalyst affecting its activity and 
selectivity for various reactions (1-4). In some cases it is desirable to add a less 
active metal such as Ag, Au or Cu in order to improve selectivity towards a 
desired product. For example, Ag was found to increase the selectivity and rate 
of formation of propionaldehyde during ethylene hydroformylation on Rh/Si02 
(5). Silver was also found to increase the selectivity towards acetaldehyde on 
Rh/Si02 for CO hydrogenation by decreasing the rates of formation of methane 
and C2+ hydrocarbons on these catalysts (5,6). 
The Ru-Ag bimetallic system represents a model cataljrtic system of the 
type mentioned above. It is well known that noble metals such as Ag and Au do 
not dissociatively adsorb molecular hydrogen but can adsorb only atomic 
hydrogen at temperatures below about 195 K (7). Therefore, hydrogen does not 
98 
spill over from Ru to Ag or Au at room temperature or higher (8) unlike the Ru-
Cu/SiOa system (9). In the absence of such metal-to-metal spillover, the 
characterization of the Ru-Ag system is easier because the amount of 
chemisorbed hydrogen determined from a standard volumetric method or by 
NMR directly relates to ruthenium metal. Further, silver blocks sites on Ru 
surface and the effect of Ag blocking sites on the Ru surface can be studied 
without the complication of metal-to-metal spillover of hydrogen. 
Even though Ag is catalytically inert for many hydrocarbon reactions, it 
appears to modify the cataljrtic activity of Ru/Si02. For example, Smale and 
King (10) observed that the ethane hydrogenolysis activity (per ruthenium site) 
of Ru-Ag/Si02 catalysts was much lower than that of Ru/Si02 catalysts. They 
also observed that the order of the reaction with respect to hydrogen was more 
negative on Ru-Ag catalysts as compared to Ru catalysts. The modification of 
catalytic activity is usually explained by invoking electronic and ensemble 
effects. Electronic effects refer to perturbations in the electronic properties of 
the two metals when they are brought into intimate contact. However, 
Rodriguez (11) observed using temperatxire programmed desorption (TPD), X-ray 
photoelectron spectroscopy (XPS) and X-ray excited Auger electron spectroscopy 
(XAES) that an Ag monolayer on Ru (0001) did not cause large electronic 
perturbations in the Ru surface. 
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Ensemble effects usually refer to reduction in the nximber of active metal 
sites (composed of ensembles of active atoms) upon addition of second inactive 
metal. Breaking of Ru ensembles is imlikely in the case of the Ru-Ag system 
due to the lack of micromixing of these two metals. Atomistic simulations of the 
Ru-Ag system by Strohl and King (12) indicated that Ag preferentially occupied 
edge, corner and other low coordination sites. At higher silver contents, two and 
three dimensional Ag islands on Ru are formed. This view is supported by the 
experimental results of Schick et al.(13) who observed via photoemission of 
adsorbed xenon (PAX) and angle resolved ultraviolet photoemission spectroscopy 
(ARUPS), that Ag preferentially occupied all the step sites when deposited on a 
stepped Ru surface. The PAX results showed that Ag did form three 
dimensional islands on flat Ru(0001) surface but not on the stepped Ru surface. 
The ARUPS results indicated that Ag formed one dimensional rows (trough Hke 
structures) on a stepped Ru. Hence both theory and experiment agree that 
reduction of Ru ensembles by the presence of Ag is not likely to occur. If both 
electronic and ensemble effects are discovmted as potential explanations, other 
effects must be considered. 
The objective of this work was to investigate the effects of silver addition 
on the hydrogen chemisorption behavior and mobihty of hydrogen on Ru/SiOa 
catalysts by means of NMR and microcalorimetry. NMR is a quantitative 
technique and selective excitation NMR is useful in studjdng hydrogen 
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dynamics (adsorption, desorption and surface mobility) relevant in 
understanding mechanisms of various hydrogenation and hydrogenolysis 
reactions. Hence NMR was used to determine accurate hydrogen-on-metal 
isotherms and the kinetic parameters of adsorption and desorption. 
Microcalorimetry was employed in this work to give complementary information 
regarding the energetics of hydrogen adsorption as a function of hydrogen 
coverage and Ag content. It was found that electronic and ensemble effects were 
not responsible for affecting the dynamics and energetics of hydrogen on Ru/SiOo 
by Ag addition. Instead, silver was foimd to affect the kinetics of hydrogen 
chemisorption by affecting Ru surface features and hydrogen adsorption on these 
surfaces was found to be structiure sensitive. 
2. Methods 
2.1. Catalyst preparation 
All the supported catalysts used in this study had a Ru loading equal to 
4% by weight of the total (Ru+SiOa) content. A 4% Ru/SiOa catalyst was 
prepared from a 1.5% ruthenium nitrosyl nitrate solution (Strem Chemicals) and 
silica (Cab-O-Sil HS-5) using the incipient wetness impregnation method. A 
sliirry was prepared by impregnating the silica support with an appropriate 
amount of solution. This slurry was dried overnight at room temperature and 
then at 383 K for two hours. The catalysts were subsequently reduced in flowing 
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hydrogen at 673 K. The Ru-Ag/SiOa catalysts were prepared by coimpregnation 
with addition of AgNOs and Ru(N0)(N03)3. Ag contents are reported as atomic 
% of the total metal (Ru + Ag) content. The corresponding wt % of total wt (Ru, 
Ag and SiOa) are given in Table 1. All the catalysts were washed 8 to 10 times 
with 60 ml of hot water to eliminate Na and CI contamination. 
2.2. iHNMR 
The NMR experiments employed a home-built spectrometer with a proton 
resonance frequency of 250 MHz. The measurements were done using a home-
built in situ NMR probe connected to a vacuimi/dosing manifold which allowed 
for easy control of hydrogen pressure and temperature independently during the 
measurements. All the catalysts were reduced at 673 K for 2 hours in the NMR 
sample tube, replenishing fresh hydrogen gas every 30 minutes. Before 
recording the NMR spectra, hydrogen was dosed onto the sample and 
equilibrated for 10 minutes. AU spectra were recorded either at a temperature 
of 304 ± 1 K or 400 ± 1 K with a repetition time of 0.5 s. Selective excitation 
experiments were done using a delays alternating with nutations for tailored 
excitation (DANTE) pulse sequence of 30 short pulses. A pulse separation of 20 
fis was chosen resulting in a total duration of the DANTE sequence of 600 |is 
and corresponding spectral excitation width of » 1.67 kHz. The overall flip 
angle of the DANTE sequence was adjusted by varying the width of the short 
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pulse while the rf amplitude remained constant. After a recovery period of 20 
|is, a final 90° pulse was applied followed by the detection of the firee induction 
decay. 
2.3. Microcalorimetry 
A home built Tian Calvet differential heat flux microcalorimeter based on 
the design of Handy et al. (14) was used in this work. The catalyst was loaded in 
a thin walled pyrex NMR tube (Wilmad Glass Co.) connected to a stainless steel 
volumetric system with greaseless fittings. Static reduction of the catalyst was 
carried out in situ with the hydrogen replenished every 30 minutes, followed by 
evacuation at the reduction temperatoire for a period of time equal to the total 
time of reduction. The samples were placed in the calorimeter and the system 
allowed to equilibrate overnight. All differential heats of adsorption 
measurements were made at 400 K to ensvire that adsorbed hydrogen had 
sxifficient mobOity to probe the energetics of the entire sample surface (15). In 
addition, previous NMR studies indicated that the adsorbed hydrogen was 
highly mobile on a given particle and through the system under the 
experimental conditions used (16). 
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3. Results 
3.1. iHNMR 
The catalysts examined by NMR spectroscopy include one Ru/Si02 
catalyst and four Ru-Ag/SiOa catalysts with atomic loadings of 3%, 10%, 20% 
and 30% Ag. The spectra at 7 Torr H2 for these 5 catalysts aU contain two peaks 
(see Fig. 1). The downfield peak at around 3 ppm is due to diamagnetic species, 
e.g., the hydroxyl groups of the silica support and hydrogen spilled over from Ru 
particles onto the support (17, 18, 19). The upfield peak corresponds to 
hydrogen adsorbed on Ru particles and it is indicative of a large shift due to the 
interaction of the proton spins with the metal conduction electrons (Knight 
shift). The Knight shifts for the various catalysts at 7 Torr H2 were the same 
around -70 ppm regardless of the Ag content. The Knight shifts obtained by 
extrapolating to zero hydrogen pressure, given in Table 1, were also around -68 
± 6 ppm and did not vary significantly with the Ag content of the catalysts. 
The ratios of hydrogen to svirface ruthenium, H/Rusurfece, were determined 
from the NMR spectra taken at 400 K for all the catalysts and are plotted in Fig. 
2. Note that the intensity of the hydrogen-on-metal resonance represents 
hydrogen on the surface of Ru plus the gas phase hydrogen because they are in 
fast exchange on the NMR time scale. The H/Rusurface values were obtained after 
subtracting the contribution from the gas phase hydrogen from the total 
intensity. The amoiint of gas phase hydrogen was calcxilated to be about 30% of 
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the total signal at 700 Torr. The number of surface ruthenium atoms for each 
catalyst was determined assuming that the hydrogen-to-surface ruthenium 
stoichiometry was 1:1 for strongly boxmd hydrogen. Strongly boxmd hydrogen 
was characterized as the hydrogen that could not be desorbed during a 10 
minute evacuation period at room temperature. It can be seen from Fig. 2 that 
H/Ruaurface is reduced with increasing amoxmts of Ag. 
At low hydrogen coverages the NMR line due to H/Ru was foxmd to be 
inhomogeneously broadened and selective inversion of part of the hydrogen-on-
metal population could be achieved by applying the DANTE pulse sequence 
(16). The exchange parameters for interparticle hydrogen motion were 
determined by comparing the observed selective excitation spectra with 
simulated spectra based on a multi-site exchange model developed by Engelke et 
al.(16). The model assumed that hydrogen adsorption and desorption were 
second order (dissociative) processes. The adsorption and desorption rate 
constants were estimated from the exchange parameters using this model and 
are listed in Table 2. The apparent sticking coefficients of hydrogen refer to the 
sticking coefficients based on the entire Ru surface (and not on sites with specific 
coordination). These were determined based on the definition of sticking 
coefficient and using the desorption and adsorption rate constants (20) and are 
plotted in Fig. 3 for the Ru/SiOa and Ru-Ag/SiOa (with 10 atomic % Ag) catalysts. 
Also plotted in Fig. 3 for comparison, are the results of Shimizu et al. (21) for 
105 
hydrogen on Ru(OOOl) surface. The apparent sticking coefficients of hydrogen on 
the Ru-Ag/SiOa catalyst are similar to the single crystal Ru surface and are 10 
times lower than those on the Ru/Si02 catalyst. 
The exchange parameters were determined at various temperatures and 
desorption rate constants were extracted from the exchange. An Arrhenius plot 
of the desorption rate constant kd versus 1/T parameters at a hydrogen coverage 
of 0.4 is shown in Fig. 4 for Rvi/Si02 catalyst and Ru-Ag/Si02 catalyst with 10 
atomic % Ag. An activation energy of desorption of 52 ± 5 kJ/mole is obtained 
from this plot for the Ru-Ag catalyst with 10 atomic % Ag at a hydrogen 
coverage of 0.4. A somewhat lower value of 43 ± 5 kJ/mole is obtained for the 
activation energy of desorption on Ru catalyst at the hydrogen coverage of 0.4. 
3.2. Microcalorimetry 
In Figvure 5 the differential heat of hydrogen adsorption on a series of 
Ru-Ag/Si02 catalysts is shown as a function of hydrogen coverage expressed as 
H/Rusurface. It was observed that adding Ag does not affect the initial heat of 
adsorption indicating the absence of electronic effects. Ag reduced the amount of 
hydrogen with an intermediate and low heat of adsorption. It was noted that for 
the catalysts with more than 20 atomic % Ag there is a significant reduction in 
the amount of hydrogen adsorbed. Interestingly the catalysts with more than 20 
atomic % Ag have a H/Rusurface of approximately one when saturation is 
106 
achieved. The intermediate and weakly boxmd hydrogen (heat of adsorption < 
10 kJ/mole) are diminished the most. Further, it should also be mentioned that 
the catalysts with more than 20 atomic AG show similar differential heat ciurves. 
This suggests that any Ag added beyond 20 atomic % does not significantly 
affect the energetics of adsorption. 
An adsorption energy distribution was also obtained from the differential 
heat data as shown in Figure 6. The distribution is obtained by fitting a cxirve to 
the differential heat data and counting the number of micromoles of hydrogen 
adsorbed in a given range of heat of adsorption. The amoxmt of hydrogen 
adsorbed is normalized with respect to the amoimt of strongly bound hydrogen 
obtained by chemisorption. Figvire 6 shows that even at the 3 atomic % AG there 
is a perceptible reduction in the amount of hydrogen having an intermediate (20 
- 60 kJ/mole) and weak heats of adsorption (< 20 kJ/mole). At this level of Ag 
addition the strongly bound hydrogen is not significantly affected. The catalysts 
with more than 10 atomic % Ag show similar adsorption energy distributions. 
While the niunber of strongly bound sites with a heat of adsorption greater than 
80 kJ/mole are not affected there is a significant reduction of the amount of 
hydrogen adsorbed with a heat of adsorption of less than 80 kJ/mole. 
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4. Discussion 
4.1. Effect of Ag on quantity of chemisorbed hydrogen 
The H/Ruaurfece ratio decreased as the silver content of the Ru-Ag catalysts 
increased (see Fig. 2). Silver does not adsorb hydrogen and it does not 
accommodate hydrogen that could spill over from adjacent Ru atoms (8), but 
silver can block Ru adsorption sites. However, for those Ru sites still available 
for hydrogen adsorption at the surface, the stoichiometry of hydrogen adsorption 
appears to be reduced. This observation is valid at all coverages and pressures. 
For example, at 460 Torr H2 the H/Rusur&ce ratio for the Rvi/Si02 catalyst was 
approximately 3.5 whereas the ratios were 2.5 and 1.5 on Ru-Ag catalysts with 
10 and 20 atomic % Ag, respectively. Similarly, this ratio was about 1.1 for the 
Ru/Si02 catalyst and about 0.2 for Ru-Ag catalysts with 10 and 20 atomic % Ag 
at a pressure of 0.4 Torr. It was noted via microcalorimetry that the populations 
of hydrogen associated with intermediate and low heats of adsorption on Ru/Si02 
were considerably reduced with increasing Ag content. It appears that the 
reduced stoichiometry is a result of the loss of these intermediate and low energy 
adsorption states. The volumetric measurements of hydrogen uptake at higher 
pressures include hydrogen spilled over from Ru particles to the silica support in 
addition to hydrogen on Ru particles. The very low energy adsorption states no 
doubt are in this category. However, ^H NMR can distinguish between hydrogen 
on the metal particles and spilled over hydrogen and the NMR results clearly 
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demonstrate that the population of hydrogen associated with Ru metal particles 
is also reduced considerably. Possible reasons for reduction in the amounts of 
chemisorbed hydrogen with increasing silver content of the Ru-Ag bimetallic 
catalysts are: (i) Silver blocks those Ru sites on the surface where large amoimts 
of hydrogen can be adsorbed; (ii) There is an ensemble effect that changes the 
nature of a multiple adsorption site; (iii) There is an electronic interaction 
between Ru and Ag that affects the binding of hydrogen to Ru atoms; or (iv) 
Silver affects the kinetics of hydrogen chemisorption on Ru surfaces. These cases 
are discussed below in detail. 
4.2. Site blocking and ensemble effects 
Atomistic simidations of the Ru-Ag system give information regarding the 
microscopic distribution of Ru and Ag on bimetallic catalyst particles. From 
such simvdations (10, 12), it is suggested that Ag preferentially occupies the 
edge, corner and other low coordination sites of the bimetallic particles and at 30 
atomic % Ag, almost all the edge and corner sites are occupied by silver. 
Experimental results tend to support this view (13). It may be postulated that 
the edge, comer and other defect-like surface featxures of Ru can accommodate 
additional intermediate and low energy adsorption states and that blocking 
these sites preferentially causes a disproportionate reduction in these states. 
However, simple site blocking can not explain the magnitude of the reduction in 
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population of hydrogen adsorbed on Ru surface by Ag. The defect-like sites 
occupy only 10-20% of the surface sites for a catalyst with dispersion in the 
range of 20 to 30%. To account for such a large drop in the stoichiometry, each 
of these edge and corner sites must occupy an additional 12 to 20 hydrogen 
atoms which seems highly unlikely. 
It is also unlikely that ensemble effects are present in the Ru-Ag 
bimetallic system because this system does not exhibit micromixing. Indeed, Ag 
and Ru do not form bulk alloys because of the severe energy penalty associated 
with Ru-Ag bonds. 
4.3. Electronic interactions between Ru and Ag 
In this study we observed that the NMR Knight shifts in the limit of 
zero coverage of hydrogen on Ru adsorption sites in Ru-Ag catalysts were all 
(within experimental error) about -68 ppm (see Table 1). This value is 
essentially the same as the shift of -65 ppm in the limit of zero hydrogen 
coverage observed on the Ru catalyst. The Knight shift, a result of hyperfine 
interactions of the impaired conduction electrons of Ru metal with the probe 
nucleus (in our case ^H), is a measiire of the density of the bonding states at the 
Fermi level. Thus, a lack of change in the Knight shift with increasing amounts 
of silver indicates that there are no through-metal electronic interactions 
between Ag and Ru that affects the density of hydrogen-metal bonding states at 
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the Fermi level. The microcalorimetry results Eire smother indication of this lack 
of an electronic effect between Ru and Ag. Heats of adsorption in the low 
coverage region are expected to vary if electronic interactions between Ru and 
Ag are operable. It was observed that the initial, low coverage heats of 
adsorption of hydrogen are similar for the Ru/Si02 Eind all the Ru-Ag/SiOa 
catalysts. The combination of NMR and microcalorimetry indicated that 
there is no rationale to postulate an electronic effect associated with Ru-Ag 
bimetEillics, at least for hydrogen adsorption. This view is also consistent with 
the XPS results of Rodriguez (11) who reported that a Ag monolayer did not 
exhibit any electronic interaction with Ru(OOOl) based on the similarities of the 
3d binding energies for pure Ag and a Ag monolayer bonded to Ru(0001). The 
XAES results of Rodriguez (11) also support the absence of electronic 
interactions between Ru and Ag as the Auger MW transitions for Ag/Ru(0001) 
are shifted by only 0.1 eV toward lower binding energy with respect to those of 
bulk atoms in pure Ag. 
4.4. Effect of silver on kinetics of hydrogen chemisorption 
The NMR exchange parameter kex for hydrogen mobility at various 
hydrogen coverages determined via the selective excitation experiments were 
translated into adsorption/desorption rate constants and sticking coefficients 
(20). These rate constants, listed in Table 2 for Ru/Si02 catalyst and Ru-Ag/SiOa 
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catalyst with 10 atomic % Ag for various hydrogen coverages, indicate that Ag 
has a large impact on the kinetics of hydrogen chemisorption. Since silver does 
not dissociatively adsorb hydrogen under the conditions studied here, the 
adsorption and desorption of hydrogen on Ru-Ag catalysts are occurring only on 
the Ru atoms. The desorption and adsorption rate constants are lower by a 
factor of 20 to 100 for the Ru-Ag catalyst compared to the Ru catalyst depending 
on the hydrogen coverage. Similarly, the sticking coefficients were also lower on 
the Ru-Ag catalyst as compared to the Ru catalyst (Fig. 3). We propose two 
possible explanations for the lowering of the adsorption kinetics by Ag: (i) The 
sites blocked by Ag are the most active for dissociative hydrogen adsorption and 
(ii) Ag distributed on Ru surface inhibits the translational motion of hydrogen 
atoms and this results in inefficient "trapping". 
(i) The simulations of Ru-Ag system suggested that Ag occupied the low 
coordination edge and comer sites and we suggest that these are the sites which 
are highly active for dissociative adsorption of hydrogen. This suggestion is 
supported by the experimental studies on single crystal surfaces. Bemasek and 
Somorjai (22) reported that the stepped Pt (997) and Pt (553) surfaces were 100 
times more active for hydrogen-deuterium exchange than the Pt (111) surface 
because of the higher activity for dissociating hydrogen (deuterium) at the step 
sites. Smith et al. (23) also proposed that the edge sites are more active for 
dissociative adsorption of hydrogen on supported platinum and palladium 
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catalysts. Further, it was noted (see Fig. 3) that the sticking coefficients of 
hydrogen on Ru-Ag catalyst were similar to those on a defect-free Ru(OOOl) 
single crystal. Silver occupies the edge and comer sites and can not 
dissociatively adsorb hydrogen. Hence hydrogen can not adsorb at those sites on 
the Ru-Ag bimetallic catalysts. This suggests that the hydrogen sticking 
coefficients were lowered when the edge and comer sites are not available for 
hydrogen adsorption. Thus blocking of the edge and comer sites by Ag results in 
lower rates of hydrogen adsorption on Ru-Ag bimetallic catalysts as compared to 
Ru catalysts. One could characterize this to be structure-sensitive adsorption. 
(ii) Silver may restrict the translational mobility of adsorbing hydrogen 
molecules on the surface. If components of the translational energy 
perpendicular to the surface are lost, the mobile species can be "trapped" or in 
this case, dissociate (24). If silver restricts such mobility of hydrogen atoms then 
the rates of dissociative adsorption will be lowered. However, this mechanism 
for reduction in rates of hydrogen adsorption seems unlikely for the same 
reasons as discussed for the possibility of ensemble effects. The clustering 
nature of Ag in a Ru environment is too high. 
The desorption rate constants were also lower on Ru-Ag catalysts 
compared to the Ru catalyst. In this study the rate constant for hydrogen 
adsorption on Ru was found to be insensitive to temperature at a given coverage. 
That is, the adsorption process was not activated. Consequently, the activation 
energy for desorption should be the heat of adsorption if the process is simple 
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(e.g., Langmuir-like) and there is a single adsorption energy. The activation 
energy for hydrogen desorption on Ru-Ag catalyst was fotind to be about 52 ± 5 
kJ/mole at a hydrogen coverage of 0.4. This value is higher than 43 ± 5 kJ/mole, 
the observed activation energy for desorption on the Ru catalyst at the same 
coverage. These values do not match the heats of adsorption at that coverage 
although it is clear that the integral heat of adsorption is higher on the 
bimetallic catalysts (see Fig. 6). If the desorption rate constant is expressed 
simply as: 
kd = kdo exp (-Edes/RT) [1] 
where Edes is the activation energy for desorption and kdo is the pre-exponential 
factor, then difference in the values of the desorption rate constants for Ru and 
Ru-Ag can be attributed to the different activation energies rather than a 
difference in the pre-exponential terms. The lower desorption rate is a 
consequence of the higher energy binding states of hydrogen on the bimetallic. 
The fact that the activation energies for desorption do not match the heats 
of adsorption at the coverage studied suggests that the adsorption/desorption 
process is not simply a Langmuir-hke adsorption into a single or even mtdtiple 
adsorption states. We have already suggested that the adsorption process may 
proceed primarily via dissociative adsorption at the edges, corners and other 
similar sites on the Ru surface in a structvire-sensitive manner. The term coined 
for this site specific adsorption is "portal" mediated adsorption (25). It is likely 
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that this process initially produces weakly bound, highly mobile hydrogen that 
migrates to unfilled, strong binding sites. Indeed, this "precursor" state is 
consistent with the lack of coverage-dependence of the apparent sticking 
coefficient at lower coverages on Ru catalyst noted in Fig. 3 (26). Likewise, the 
desorption process requires two hydrogen atoms combining to form the desorbing 
molecxile. The two atoms may be both strongly adsorbed (SS), both weakly 
adsorbed (WW), or a combination of weakly and strongly adsorbed species (WS). 
The relative rates of the elementary desorption processes should be WW » WS 
» SS based solely on the energy barriers. 
When the portals are systematically closed, for example, by allowing Ag to 
distribute to edges and comers, the elementary adsorption processes are shut 
down, but the desorption process still can occur to the extent that the 
populations of surface hydrogen exist. Hence, the qualitative pictiare that 
emerges is that the weakly bound states are systematically depopulated due to 
reduced adsorption coupled with desorption favoring the more weakly bounds 
states. The net result is a surface with less total hydrogen and an adsorption 
energy distribution more heavily weighted to the higher energy states. The 
calorimetry results (Fig. 5) and the adsorption isotherms (Fig. 2) found in this 
study are consistent with this model of the adsorption/desorption processes. 
The portal mediated adsorption model outlined above can explain 
catalytic variations previously observed for some bimetallic systems. For 
example, Smale and King (10) noted that even though Ag is catalytically inert, 
115 
does not adsorb hydrogen and cannot produce an ensemble effect, it can 
significantly alter the ethane hydrogenolysis reaction on Ru. Ru-Ag catalysts 
yield a significantly more negative order of reaction with respect to hydrogen on 
Ru-Ag compared to Ru catalysts, -2.5 versus -1.5. In a simple mechanism the 
effect is the same as if the heat of adsorption of hydrogen was increased (10). 
The results presented here confirm that the average heat of adsorption is indeed 
higher on the Ru-Ag bimetalhc. 
It is not clear how general the understanding of portal mediated 
chemisorption processes coupled with surface segregation is in the explanation 
of bimetallic and structure sensitive reactions. But in cases such as Ru-Ag, 
where electronic and ensemble effects are imlikely it remains an attractive 
rationale. 
5. Conclusions 
The amount of hydrogen adsorbed on Ru particles and hydrogen-to-
ruthenixim stoichiometry was foimd to be reduced by the presence of silver in the 
Ru/Si02 system as seen by NMR. Also, fi:om microcalorimetry, the 
populations of low and intermediate energy binding states of hydrogen were 
found to be lower on Ru-Ag catalysts as compared to the Ru catalyst. The rate 
constants for hydrogen adsorption and desorption, determined from selective 
excitation NMR, were 20 to 100 times lower on Ru-Ag/Si02 compared to 
R;i/Si02 at a given hydrogen coverage. The apparent sticking coefficients of 
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hydrogen were at least 10 fold lower on Ru-Ag catalyst (10 atomic % Ag) than 
those on Ru catalyst at the same temperature and hydrogen coverage. However, 
the NMR Knight shifts as well as the initial heats of hydrogen adsorption 
were found to be similar on Ru/Si02 and on all Ru-Ag/SiOs catalysts. 
The influence of silver on the hydrogen chemisorption behavior of Ru/Si02 
was neither due to ensemble effects nor due to electronic interactions between 
Ru and Ag. Further, the blocking of Ru sites by Ag can not cause the large 
reductions in the hydrogen-to-ruthenitmi stoichiometry as observed here. The 
blocking of edge and comer sites by Ag appears to reduce the rates of 
dissociative hydrogen adsorption resulting in lower populations of low energy 
binding states of hydrogen which ultimately reduces the rate of hydrogen 
desorption on the Ru particles. Such reduction in rates of hydrogen adsorption 
and desorption was responsible for the reduced hydrogen-to-ruthenium 
stoichiometry on Ru-Ag catalysts as compared to Ru catalyst. 
The ruthenium-silver catalysts studied here represent a case of structure 
sensitive hydrogen adsorption, i.e., blocking of certain sites by silver affects the 
hydrogen chemisorption on the Ru particles. The results presented here support 
the h3T)othesis that the low coordination (edge and corner) sites are active for 
hydrogen chemisorption and that blocking of these sites by silver hinders the 
process significantly. This type of site-specific surface segregation could be 
useful in tailor-making catalysts for reactions where high selectivity towards 
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some intermediate product is governed by surface hydrogen popidations and 
adsorption-desorption kinetics. 
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Table 1. 
Atomic and Weight loadings of Ag in Ru-Ag catalysts and 
Knight shifts of hydrogen on Ru and Ru-Ag catalysts: 
Atomic % of Ag Wt.% of Ag Knight Shifts 
(Ru+Ag) (Ru+Ag+Si02) (extrapolated to 
zero pressure) 
0 0.0 -65 
3 0.13 -70 
10 0.47 -68 
20 1.06 -69 
30 1.79 -65 
Note: All catalysts had a Ru loading of 4 wt.% 
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Table 2. 
(a) Desorption and adsorption rate constants for Ru/SiOa catalyst at 296K: 
H/Rus 0.42 0.63 0.73 0.83 
kd (s"i) 4.8x102 7.9x103 2.1x104 2.4x104 
ka (s'l Pa"i) 6.3x105 8.7x105 5.7x105 1.5x105 
(b) Desorption and adsorption rate constants for Ru-Ag/SiOa catalyst at 296 K 
(10 atomic % Ag): 
H/Rus 0.42 0.60 0.76 0.85 
kd (s"i) 1.9x101 1.0x102 3.9x102 1.2x103 
ka (s"i Pa'i) 2.5x104 8.5x103 1.5x104 9.6x103 
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Figure Captions 
Figure 1. NMR spectra for SiOa supported Ru and Ru-Ag catalysts at 7 Torr 
H2. The Ru weight loading is 4% on all catalysts and the atomic % of 
Ag in each catalyst is indicated. 
Figure 2. Hydrogen adsorption isotherms at 400 K for Ru/Si02 and Ru-Ag/Si02 
catalysts with 3, 10 and 20 atomic % Ag. 
Figtire 3. Apparent sticking coefficient of hydrogen as a function of hydrogen 
coverage on Ru/Si02, Ru-Ag/Si02 and Ru(0001) catalysts (21). 
Figure 4. Arrhenius tjrpe plot of exchange parameter versus inverse temperature 
for Ru/Si02 and Ru-Ag/Si02 with 10 atomic % Ag. 
Figure 5. Heats of adsorption of hydrogen as a function of hydrogen coverage. 
for Ru/Si02 and Ru-Ag/Si02 catalysts with 3, 20 and 30 atomic % Ag. 
Figure 6. Site distribution plot for Ru/Si02 and Ru-Ag/Si02 catalysts with 3 and 
30 atomic % Ag. 
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CHAPTER 7. GENERAL CONCLUSIONS 
The surface compositions of alumina and silica supported Pt-Rh catalysts 
were found to be influenced by chemisorbed hydrogen. The surfaces of the Pt-Rh 
bimetallic catalysts were enriched in Rh xmder hydrogen atmosphere as opposed 
to the adsorbate-free Pt-Rh surfaces which are enriched in Pt. It was also found 
that Pt-Rh catalysts mainly consisted of bimetallic particles with fairly uniform 
compositions. Further, the heat of adsorption of hydrogen was found to be about 
10 to 15 kJ/mole higher on Rh catalysts as compared to Pt catalysts. This 
understanding can be generalized to predict qualitatively and quantitatively, the 
surface segregation behavior of a bimetallic system imder reaction conditions. 
The mobility of hydrogen on Rh and Pt-Rh catalysts was higher than that 
on Pt catalyst. The rate constants for adsorption and desorption as well as the 
apparent sticking coefficients were fovmd to be higher on Rh and Pt-Rh than those 
on Pt. The activation energy for hydrogen desorption was higher on Rh and Pt-Rh 
than that on Pt while the pre-exponential factors for the desorption rate constant 
were also higher on Rh and Pt-Rh catalysts as compared to Pt catalyst. The 
sticking coefficients of hydrogen were higher on supported metal catalysts as 
compared to single crystal metal surfaces which suggested that the defect-like 
sites are active for trapping and dissociative adsorption of hydrogen. 
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The amount of hydrogen adsorbed on Ru particles and the hydrogen-to-
ruthenixmi stoichiometry decreased with increasing Ag content in the case of silica 
supported Ru-Ag bimetallic catalysts. It was also observed that the desorption 
and adsorption rates on Ru-Ag/SiOa catalyst were lower than those on Ru/Si02 
catalyst. The populations of states with low and intermediate binding energies of 
hydrogen were lower on Ru-Ag catalyst as compared to Ru catalyst. This 
influence of Ag on the djmamics and energetics of hydrogen on Ru particles was 
not due to ensemble or electronic effects, but was a result of structxire-sensitive 
hydrogen adsorption. Our results support the hypothesis that the low 
coordination sites are active for hydrogen chemisorption and blocking of these 
sites by Ag hinders the process significantly. This type of site specific sxirface 
segregation can be useful in tailor-making catalysts for reactions where selectivity 
towards some intermediate product is governed by the concentration of surface 
hydrogen and the kinetics of hydrogen adsorption-desorption. 
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APPENDIX A 
THE EFFECT OF POTASSIUM ON THE KINETICS AND 
THERMODYNAMICS OF HYDROGEN ADSORPTION ON Ru/Si02 
CATALYSTS 
To be submitted to Journal of Catalysis 
R. L. Narayani'2, N. Savargaonkari-^, M. Pruski^ and. T. S. King^ ^, 
^Department of Chemical Engineering and ^Ames Laboratory 
Iowa State University, Ames, lA 50011 
Abstract 
Microcalorimetry and NMR spectroscopy were used to elucidate the 
effect of potassium addition on hydrogen chemisorption behavior of Ru/Si02 
catalysts. Three different states of adsorbed hydrogen with significantly varying 
heats of adsorption were observed by microcalorimetry. The amount of hydrogen 
adsorbed on the Ru surface decreased with increasing amoimts of K additive, 
which was observed by both NMR and calorimetry. NMR results suggested that 
certain weakly bovind states of hydrogen on Ru were eliminated with large 
amoxmt of K on the surface and the amount of hydrogen adsorbed on the metal 
particles decreased with K addition whereas volumetric hydrogen adsorption 
results suggested that there was a large reduction in spilled over hydrogen 
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species too upon K addition. This indicated that potassium blocked certain sites 
for hydrogen adsorption on the Ru particles as well as sites for spillover on the 
silica support. Selective excitation NMR experiments suggested that mobility of 
hydrogen on Ru surfaces was significantly restricted with large amounts of K on 
the surface. It was further noted that the initial heats of hydrogen adsorption 
were more or less the same for unpromoted and K promoted Ru catalysts 
suggesting that K did not exhibit any electronic interaction with Ru particles. 
Introduction 
Alkali promoters are used in a niunber of chemical reactions including 
ammonia production (1) and Fischer Tropsch synthesis (2). In ammonia 
synthesis over iron, K promoters increase the rate of reaction (3). On the other 
hand it is well estabHshed that in Fischer Tropsch ssoithesis K promoters 
increase the selectivity for alkenes while suppressing the rate of reaction (4, 5). 
While there is agreement regarding these observations there is still controversy 
regarding the exact mechanism by which alkah exert their influence (6). 
Some of the theories (6) which have been proposed for the role of alkali 
promoters include blocking of chemisorption sites, changes in the electron density 
at the svirface of the metal, direct chemical interactions between the adsorbate and 
the promoter, through-space interactions (electrostatic in nature), and alkali 
induced surface reconstruction. Of these various theories the most frequently 
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encountered ones are the site blocking and electronic effects due to the alkali. 
Recently, it has also been proposed that another possible explanation is that alkali 
promoters alter the mobihty of hydrogen (7). In this study NMR was used to 
show that adding alkaH promoters to Rxi/SiOa not only eliminated a weakly bound 
state observed for hydrogen adsorption on Ru/SiOa (8) but also reduced the mobility 
of hydrogen. This effect of alkah promotion wiU be discussed in the light of the 
various theories. 
It should be mentioned that that most of the theories proposed to date have 
been based on observations resulting from fundamental studies on alkali promoted 
single crystal studies under ultrahigh vacuum (UHV) conditions. In most of these 
studies it is implicitly assimied that the results can be extrapolated to hold under 
operating conditions on real supported catalysts. While it is true that surface 
science studies have contributed immensely to ovu: xmderstanding of the role of 
alkah promoters such extrapolation of surface science results to supported 
catalysts operated imder actual conditions should be done with caution. This is 
because for supported catalysts additional factors, like svirface heterogeneity, the 
nature of the support, spillover from the metal to the support etc., can play a 
significant role. Further, recent studies have shown that the conditions under 
which the studies are made can also bring extra factors or mechanisms into 
operation. For example, most of the surface science studies of hydrogen interaction 
with alkali promoted single crystals use atomic alkah but it has been shown (9,10) 
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that under operating conditions the alTfali are too reactive to be in the metallic 
state and exist as alkali (M+ M = Cs, K, Na etc.) ions in compoimds. Compared to 
the metallic state alkali ions have a much lower tendency to donate electrons. 
Uner et al. (11) also found that K exists as KOH species on Ru/SiOa. Thus, it is 
these discrepancies between conditions of single crystal studies and actual 
operation conditions which prompted this work. Hydrogen adsorption on promoted 
and unpromoted silica supported Ru/SiOa has been investigated. The various 
theories of alkali promotion in catalysis and Fischer-Tropsch s3nithesis, in 
particular, have been discussed in the light of observations made in this study. 
Here microcalorimetry has been combined with NMR to study how the 
presence of K promoter influences hydrogen adsorption on Ru/SiOa catalyst. The 
advantage of ^H NMR is that it is a surface sensitive technique which provides 
quantitative values for the hydrogen associated with the metal. With the in situ 
NMR technique hydrogen pressures as high as one atmosphere can be used which 
allows us to study catalysts under conditions closer to the real operating conditions 
of high pressiure and temperature. Microcalorimetry gives us valuable information 
regarding heats of adsorption of various states of adsorbed hydrogen and is useful 
in imderstanding the energetics of hydrogen adsorption on these catalytic surfaces. 
In particular the energetics and mobility of hydrogen on Ru/Si02 has been 
examined. The role of alkali additives in Fischer Tropsch syTithesis is elucidated 
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by comparing the interaction of hydrogen with K/Ru/Si02 and unpromoted Ru/ 
SiOa-
Methods 
(a) Catalyst Preparation 
All the supported catalysts used in this study have a Ru composition equal to 
4% by weight of the total (Ru+Si02) content. A 4% Ru/Si02 was prepared from a 
1.5% ruthenium nitrosyl nitrate solution (Strem Chemicals) using the incipient 
wetness impregnation method. A slvirry was prepared by impregnating silica (Cab-
0-Sil) with an appropriate amount of solution. The silica had a BET surface area 
of 300 m2/g. This slurry was dried overnight at room temperature and then at 110° 
C for two hours. It was then reduced in flowing hydrogen at 375° C. The K/Ru/Si02 
catalysts were prepared by coimpregnation of KNO3 with the ruthenium nitrosyl 
nitrate solution. The K contents are reported as atomic weight % of the total metal 
(Ru + K) content. As an example, a Ru-K/Si02 with 33% K has 33 = (100*K moles)/ 
(K moles + Ru moles). The Ru/Si02 catalysts was washed 8 to 10 times with 60 ml 
of hot water to eliminate Na and CI contamination. 
(b) Microcalorimetry 
A home built Tian Calvet differential heat flux microcalorimeter based on 
the design of Handy et al. (12) was used in this work. The catalyst was loaded in 
a thin walled pyrex NMR tube (Wilmad Glass Co.) connected to a stainless steel 
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volumetric system with greaseless fittings. Static reduction of the catalyst was 
carried out in situ with the hydrogen being replenished every 30 minutes. This 
was followed by evacuation at the reduction temperature for a period of time 
equal to the total time of reduction. The samples were placed in the calorimeter 
and the system allowed to equilibrate overnight. AH differential heats of 
adsorption measurements were made at 130°C to ensure the hydrogen adsorbate 
has sufficient mobility to probe the energetics of the entire sample surface (13). 
(c) iH NMR 
The NMR experiments employed a home-built spectrometer with a proton 
resonance frequency of 250 MHz. The measurements were done using a home-
built in situ NMR probe connected to a vacuum/dosing manifold which allowed for 
an easy control of hydrogen pressxure during the measurements. All the catalysts 
were reduced at 673 K for 2 hours in the NMR sample tube, dosing firesh 
hydrogen every 30 minutes. Before recording the NMR spectra hydrogen was 
dosed onto the sample and eqvdlibrated for 10 minutes. All spectra were recorded 
either at a temperatvire of 304 or 400 ± 1 K with a repetition time of 0.5 s. 
Selective excitation experiments were done using a delays alternating with 
nutations for tailored excitation (DANTE) pulse sequence of 30 short pulses. A 
pulse separation of 20 ^s was chosen resulting in a total duration of the DANTE 
sequence of 600 [is and corresponding spectral excitation width of = 1.67 kHz. 
The overall flip angle of the DANTE sequence was adjusted by varying the width 
137 
of the short piilse while the rf amplitude remained constant. After a recovery 
period of 20 fxs, a final 90° pulse was applied followed by the detection of the free 
induction decay. 
Results 
(a) Microcalorimetry 
In this work the differential heats of adsorption have been determined as a 
function of coverage expressed in terms of H atoms adsorbed per surface Ru metal 
atom. Note that the amount adsorbed includes hydrogen spillover to the support. 
The optimized volximetric hydrogen chemisorption technique proposed by Uner et 
al. (14) was used to determine the metal dispersion. NMR has also been used to 
determine metal dispersions. The dispersions are tabiilated in Table 1. Where 
ever available the dispersions obtained from NMR have been used in the 
calcxilations as NMR is a better measure of the hydrogen associated with the 
surface Ru than the volmnetric technique for the latter technique measures the 
total hydrogen uptake which includes spillover hydrogen. The increase in 
dispersion of supported transition metal with the addition of alkali species has 
been observed before (10, 15, 16). 
In Figure 1 the differential heats of hydrogen adsorption on a 4% Ru/SiOa 
catalyst are compared with a series of K promoted catalysts. The promotion 
levels used were 6, 33 and 50 metal atomic % K. All catalysts, both K promoted 
and pure Ru, have the same initial heat of adsorption at about 90 kJ/mole. For 
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all promoted catalysts the results follow the similar trend of a rapid decrease in 
the heat of hydrogen adsorption with coverage. From Figure 1, it is also observed 
that adding more than 33 atomic % K eliminates states of intermediate as well as 
states of low heat of adsorption. Three distinct regions can be identified on this 
plot. The nature of the hydrogen adsorbed in each of these regions will be 
considered in the discussion section. 
(b) iHNMR 
An unpromoted Rxi/SiOa catalyst with 4% loading by weight and two 4% 
Ru/SiOa catalysts with 6 and 66 atomic % K were used for the NMR studies. The 
hydrogen to surface ruthenium ratios (H/Rusurfece) were determined 
quantitatively from the NMR spectra taken at 400 K for all the catalysts and are 
plotted as a function of pressure in Fig. 2 for the above catalysts. Compared to 
the unpromoted Ru catalyst the H/Ru ratio is less on the catalyst with 6 atomic 
% K and is even further reduced at the 66% promotion level. It is also observed 
that with increasing hydrogen pressxure the H/Ru ratio increases sUghtly for the 
catalyst with 6% K but remains more or less constant for the catalyst with 66% 
K. The ratios reported in Fig. 2 are obtained after subtracting the contribution 
from the gas phase hydrogen and the amovmt of gas phase hydrogen was 
calculated using the ideal gas law. 
All the NMR spectra (Figs.3 and 4) show two peaks at 304 K and 7 Torr. 
The downfield peak at around 3 ppm is due to diamagnetic species which 
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correspond to hydroxyl groups of silica support and hydrogen spilled over from 
Ru particles onto the support. The upfield peak corresponds to hydrogen on Ru 
surface which exhibits large Knight shifts due to interaction of proton spins with 
the conduction electrons of the metal. 
The selective excitation experiments yield information regarding mobility 
of hydrogen on the catalyst surface as reported in detail by EngeUce et. al.(17). 
For the 4% Ru/SiOs catalyst with 6 at. % K, selective popxilation inversion could 
not be achieved at 7 Torr H2 and the NMR line gets saturated instead (see Fig. 3) 
The line was homogeneously broadened which corresponds to fast interparticle 
motion of hydrogen on the catalyst surface. On the other hand, selective 
inversion of a narrow frequency band could be achieved for the H/Ru resonance 
on the 4% Ru catalyst with 66 at. % K at 7 Torr H2 and the NMR line was 
inhomogeneously broadened, (see Fig. 4). This suggested that interparticle 
motion of hydrogen is restricted on such a catalyst. This implied that the 
hydrogen on the surface of Ru particles did not exchange with gas phase 
hydrogen. This is also supported by the constancy of Knight shift on this catalyst 
with increasing hydrogen pressure. From Figure 5 it is seen that on increasing 
the hydrogen pressure from 7 to 460 Torr, the Knight shift remained more or less 
constant around -50 ppm. In fact a narrow gas phase peak superimposed on the 
silanol peak, can be seen near zero ppm on this catalyst at higher pressures. 
This observation, combined with the observation from Figure 2 that the 
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H/Rxisurfece ratio does not increase with hydrogen pressure, implies that hydrogen 
adsorption does not occur after a coverage of about a monolayer. For the catalyst 
with 6% K, the Knight shifb (for the a peak) changed from -65 to -30 ppm as the 
hydrogen pressure was increased from 7 to 460 Torr (see Fig. 6). This implied 
fast exchange between hydrogen on Ru surface with the gas phase hydrogen and 
this is supported by the results of selective excitation experiments on this 
catalyst. 
The experimental and simulated spectra for Ru catalyst with 6 % K at 
various temperatures are shown in Fig. 7. The simulations were done on the 
basis of a multi-site exchange model developed by Engelke et. al.(18). A 
comparison of experimental spectra with simulations yields the exchange 
parameter ke* for the fast intraparticle motion of hydrogen on the surface of an 
Ru particle at that temperatiire. The exchange parameter was shown to be 
equivalent to the rate constant for desorption kd by Engelke et al.(18). Based on 
this, the desorption rate constant can be obtained as a function of temperature 
which yields the value of activation energy for desorption Edes or heat of 
adsorption. An Arrhenius type plot of exchange parameter kex versus 1/T gives a 
value of about 56 kJ/mole for Edes at a hydrogen coverage of 0.4 for the catalyst 
containing 6% K (see Fig. 8). This is in agreement with the results of 
microcalorimetry. 
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(c) NMR and microcalorimetry 
In figure 9 the differential heats of adsorption and the EE/Surface Ru are 
plotted as a function of pressure for 4% Ru/Si02 and 6%K/Ru/Si02. It is to be 
noted that the H/Surface Ru ratio obtained by the volumetric method measures 
the total hydrogen uptake, including spillover, while the H/Surface Ru ratio 
obtained by NMR is a measure of the hydrogen influenced by Ru metal (on or 
aroxmd the Ru metal). It is observed that at a given pressure, for both the 
unpromoted and K promoted catalysts, the H/Ru ratios determined by the 
volumetric technique exceeds that obtained by NMR. Further, adding K reduces 
the H/Ru ratio obtained by both techniques. The decrease in H/Ru ratio obtained 
fi:om NMR suggests that for a given pressxire adding K reduces the stoichiometry 
of hydrogen associated with the metal. At a given presstire the decrease in the 
H/Ru ratio obtained firom volumetric chemisorption is much greater than the 
decrease in the H/Ru ratio measured using NMR. This suggests that adding K 
also reduces the amount of hydrogen that spills over to the support. 
Discussion 
The NMR and microcalorimetric results suggest that adding K promoter to 
Rvi/SiOa influences the amount of hydrogen adsorbed as well as the mobility of 
hydrogen on the catalysts surface. The following observations are made firom 
Figures 1 and 9. First, three distinct regions are identified on the differential 
142 
heat of adsorption plot. It is noted that a small amovint of K can reduces the 
population of intermediate as well as weakly boxind states. Above that small 
amoimt of additive the amount of adsorbed hydrogen per available surface Ru 
and the energetics of these populations are not altered by additional K. Second, 
initial (low coverage) heats of adsorption are unaffected on K addition. Third, for 
a given pressure the H/Surface Ru is lower in the presence of K promoter 
compared to the unpromoted Ru/Si02. Fourth, the amovint of hydrogen which 
spills over to the support is reduced in the presence of K promoter. Fifth, large 
amovmts of K reduce the mobiHty of hydrogen on the catalyst surface. The 
following paragraphs will discuss how these effects may arise and their 
imphcation for catalysis. Wherever possible the microcalorimetry and NMR 
results will be interpreted in the light of each other. 
(a) Adsorbed states of hydrogen 
In the differential heat of adsorption plot shown in Figure 1 three distinct 
regions can be identified. The basis for the division is arbitrary but earher NMR 
results provide some justification based on the attributes of the hydrogen 
observed in these regions. Before describing the hydrogen in the three regions 
what is currently known regarding hydrogen adsorption on Rvi/Si02 and 
K/Ru/Si02 is briefly discussed. In partictdar information regarding the various 
species identified and there characteristics as determined by NMR and 
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microcalorimetry will be presented. It shoiild be highlighted that one or more of 
these species can be present in each of the three regions identified in figure 1. 
Bhatia et al. (8) observed two NMR resonance peaks for hydrogen on pure 
Ru/SiOa at pressiures greater than 100 Torr. The first resonance, labeled the a 
peak, is observed at —60 ppm and the second resonance, called the p peak, 
occurs at —30 ppm. Engelke et al. (17) used 2D NMR to show that under 
evacuation the a peak consists of a dissociated species, ai, with restricted 
mobility and becomes a more mobile species, aM, in non-evacuated samples at 
higher pressures. It was also shown that the am species and the (3 species were in 
slow exchange with a time constant on the order of 1 ms. The p species 
represented weakly bound hydrogen in fast exchange with the gas phase, as 
revealed by the pressure dependence of its resonance shift. The exact location of 
the p hydrogen is not known. Engelke et al. (18) have also showed that the 
transition firom the immobile ai species, which is characterized by an 
inhomogeneous NMR lineshape, to the more mobile aM species, characterized by a 
homogeneous NMR line shape, occiirs at a hydrogen to Ru coverage of 
approximately 0.5. 
Bhatia et al. (8) observed that the heat of adsorption of the a species was 
between 70 and 40 kJ/mole and that it existed in the between 10 ^ to 10 Torr. 
The authors applied the Clausius-Clapejaon equation to the p peak and obtained 
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an isosteric heat of adsorption of 7 kJ/mole. This corresponds to the value of 
approximately 10 kJ/mole obtained by microcalorimetry. 
Uner et al.(ll) used NMR to study hydrogen adsorption on K/Ru/SiOa 
(11) and Cs-promoted Ru-Na/Si02 (5). In both these studies the authors found no 
evidence for a ruthenium mediated electronic interaction between the alkali 
species and adsorbed hydrogen. It was found that the K promoter distributed 
itself between the Ru metal and the silica support. The K blocked hydrogen 
adsorption sites on the metal though not on a one-to-one ratio as observed by 
other researchers (19). Further, TGA studies were used to show that K probably 
existed as an oxide and not in the metallic state. The authors also observed that 
adding K reduced the intensity of the diamagnetic resonance due to the silanol 
protons. This implied that the in the presence of K the hydrogen spillover to the 
silica support is reduced. 
The NMR work done in this study suggest that increasing amounts of K 
promoter progressively inhibits the mobihty of hydrogen on the surface and its 
exchange with the gas phase hydrogen. At high K concentrations the p peak 
observed on vmpromoted Ru/Si02 is eliminated. 
With this background of information regarding hydrogen chemisorption on 
pure and promoted Ru/SiOa the nature of the hydrogen in the three regions is 
discussed next. 
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Region I. This is the low pressure region where the H/Surface Ru ratio is 
less than one. Here the hydrogen adsorbs dissociatively as strongly bound atomic 
H and has the characteristics of the a species identified by NMR. At low 
coverages the hydrogen is immobile but the mobility increases with coverage. 
Most of the hydrogen resides on or near the Ru metal. 
It is seen that adding small amounts of K does not alter the adsorption 
characteristics in this region. On the other hand the catalysts with more than 33 
atomic % K show identical initial heats of adsorption but the heats of adsorption 
rapidly decrease to small values at a H to surface Ru ratio of about one. At high 
concentrations of K not only is the H/Surface Ru reduced but on the basis of the 
NMR hole burning experiments it can be concluded that the presence of large 
amoimts of promoter reduces the mobility of hydrogen on the surface and its 
exchange with the gas phase. 
Region II. This is an intermediate region with 1< H/Surface Ru < 2.5 and 
consists of mobile hydrogen of intermediate bond strength. The large difference 
between the H/Surface Ru ratios determined by the volximetric method and by 
NMR, observe in Figure 2, suggests that spillover firom the metal to the sHica 
support is significant. An irreversibly boimd, spilled over hydrogen was also 
observed by Uner et al. (14) who used ^H NMR and volumetric chemisorption to 
study hydrogen adsorption on Ru/SiOa. A stoichiometry of adsorption of greater 
than one cannot be ruled out in this region. 
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The presence of even small amounts of K decreases the amount of hydrogen 
with intermediate heat of adsorption. In the catalysts with more than 33% K the 
states with intermediate heat of adsorption are eliminated. The NMR results 
discussed above also support the conclusion that the presence of alkali promoters 
reduces the amount of hydrogen adsorbed by decreasing the spillover to the silica 
support. It is conjectured that at high K concentrations the spillover, if at all 
there is any, is reduced compared to the unpromoted Ru/Si02. 
Region HI. This is the high pressure region with H/Surface Ru greater 
than 2.5 consisting of weakly boimd, mobile atomic hydrogen in fast exchange 
with the gas phase. It is postxilated that the hydrogen in this region can be 
correlated with the p species identified by NMR. Thus, the hydrogen is also in 
fast exchange with the gas phase. At the high pressures used in this region there 
is significant spillover firom the metal on to the support. 
Adding small amounts of K sHghtly reduce the heats of adsorption in this 
region. For K promotion levels greater than 33 atomic % this region is absent, 
(b) Initial heats of H2 adsorption on Ru/Si02 and K/Ru/Si02 
Any alteration of the metal-adsorb ate bond strength due to alkali induced 
electronic or electrostatic effects should be reflected in a modified heat of 
adsorption. From Figures 1 and 9, it is seen at low coverages the differential 
heats of H2 adsorption are similar on the K promoted and unpromoted Ru/Si02. 
The initial heat lies between 85-90 kJ/mole (error is ± 5kJ/mole) compared to the 
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initial values of 80 kJ/mole (20) and 120 kJ/mole (21) observed for hydrogen 
adsorption on Ru[0001] single crystals. The similar heats of adsorption suggests 
that there is no electronic or electrostatic effects on hydrogen adsorption due to K 
addition. The low coverage region is of interest as comphcations due to 
adsorbate-adsorbate interactions are not present here and any electronic or 
electrostatic field effects should be most pronounced in this part of the differential 
heat cvirve. Praliaud et al. (22) observed that heats of hydrogen adsorption 
decreased on addition of K to Ni/Si02. It should be mentioned that the authors 
obtained the heat of adsorption indirectly firom kinetic studies assuming that the 
heat of hydrogen adsorption was not a function of coverage. Dry et al. (23) also 
observed a decrease in the initial heats of hydrogen adsorption on iron films and 
iron oxides on adding K2O but the measurements were made at 20®C. Martinez 
and Dumesic (13) suggest that this temperature is too low to accurately probe the 
catalyst surface. 
Under the conditions used in the present study the interparticle motion is 
rapid even at room temperature as demonstrated by the NMR selective excitation 
study. Hence, the observed initial heats of adsorption accxxrately reflect the 
energetics of adsorption. 
The location of the K on the surface of the catalyst plays an important role 
in the interpretation of why similar heats are observed on both the promoted and 
unpromoted catalysts. Thus, available evidence regarding the location is 
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reviewed before addressing the similarity of initial heats. There is direct 
evidence regarding the location of a lira H on Ru(OOOl) surface from Low Energy 
Electron Diffraction (LEED) studies done by Gierer et al.(24). They have carried 
out systematic studies of alkali metals (Cs, K, Na and Rb) adsorbed on Ru(0001) 
with emphasis on local adsorption geometries. They report that adsorption sites 
occupied by alkali metals depend on the alkali coverage and size of alkali adatom. 
They further observed that potassium occupied the three fold hollow sites on 
Ru(OOOl) surface whereas on-top sites on Al(lll), Cu(lll) and Ni(lll). However, 
Wagharay et al.(25) based on evidence from their IR studies on K promoted 
Ru/Si02 catalysts report that the alkali metals occupy edge and comer sites. 
(Certain Ruthenium carbonyl species were not observed in the IR spectrum of K 
promoted Ru catalysts and they inferred that the species could not be formed 
because the defect like sites were blocked by the K additive). On supported 
catalysts, alkaH may not be in metaUic form but could be present either as an 
oxide or hydroxide and coxild be occupying sites other than the three fold hollow 
sites observed on single crystal surfaces. 
Chow and Chelikowsky (26) used ab initio pseudopotentials within the 
local-density-functional approximation to conclude that for a monolayer coverage 
the three fold hollow site is energetically the most favorable for hydrogen 
adsorption on Ru[0001]. Atomistic simulations (27) with Ru-Ag bimetallic 
systems have shown that at small concentration Ag preferentially occupies the 
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edges and comer sites, i.e. the defect-like sites on the surface. Further, the 
hydrogen adsorption characteristics are similar on Ru-Ag/SiOa and Ru/K/Si02 
(28). Thus, it is postulated that K would preferentially occupy the defect like 
sites leaving the three fold-hollow sites vacant. Another fact which has to be 
considered is the relative rates of adsorption and desorption of hydrogen at 
various catalyst sites. Bemasek and Somarjai (29) have shown that the 
dynamics of adsorption and desorption of hydrogen is faster at defect-like sites 
than on the low index planes. Thus, with the defect-like sites preferentially 
occupied in the presence of K the dynamics of adsorption and desorption is 
slowed down but this does not affect the number of empty three fold hollow sites 
occupied at equilibration. Hence, it is postulated that at low hydrogen coverages 
or pressures, even in the presence of K, the hydrogen occupies the three fold 
hoUow sites which are still vacant as the K preferentially occupies the defect-like 
sites, resulting in similar initial heats of adsorption on the impromoted and K 
promoted Ru/Si02. 
(c) Effect of K addition on amounts and energetics of H2 
chemisorption on Ru metal 
An interesting observation made from Figure 1 is that adding even 6 
atomic % K causes a significant reduction in the amoxmts of hydrogen adsorbed. 
From Figure 9 it is seen that, for a given pressure, the presence of small amounts 
of K decreases the H/Surface Ru ratios obtained by the volumetric method and 
NMR. The difference between the ratios obtained by the two methods, 
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particularly at higher pressures, suggests that not all the hydrogen adsorbed is 
on the metal but some of it spills over to the support. Here possible reasons for 
the decrease in the H/ Surface Ru ratios obtained by NMR are discussed. The 
decrease in the spillover amotints will be examined in the next section. 
Single crystal studies of hydrogen adsorption on alkali promoted Ni, Mo, 
Pt, W and Ru (30 and references therein) show an exponential reduction in the 
initial sticking coefficient and amount of hydrogen adsorbed as K coverage 
increases. The reduction in the amounts adsorbed in the presence of K is in 
agreement with the observations made in this work for hydrogen adsorption on 
silica supported K/Ru/Si02. Kiskinova (30) has reviewed the alkali promoted 
single crystal systems and postoilates that the diffusion of the H2 precursor, in 
order to lose energy and accommodate with the surface, before dissociation, could 
play an important role. Consequently, introducing an alkah additive constrains 
hydrogen surface diffusion and inhibits dissociative hydrogen adsorption. Studies 
with Li, Na and K promoted Al(lOO) (31, 32) show that Al(lOO) preserves its 
capacity for atomic H adsorption. When molecular hydrogen is introduced, it 
results in a lower hydrogen coverage for the promoted catalyst as compared to the 
unpromoted catalyst. However, with atomic the hydrogen coverage is similar in 
both cases. This suggests that addition of alkali reduces the dissociation 
channels and/or blocks adsorption sites at least on single crystals promoted with 
zero valent alkali. 
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Uner et al. (11) used NMR to conclude that the K promoter added to 
Ru/SiOa does block sites for hydrogen adsorption on the Ru metal, but not on a 
one-to-one basis. Hoost and Goodwin (19) reported a one-to-one blocking of 
adsorption sites with K loading on Ru/Si02 but the authors had not accounted for 
spillover while characterizing their catalysts. Since then the volumetric 
hydrogen chemisorption technique for determining dispersion of Ru/SiOa has been 
optimized to accoxint for spillover (14). Another possible explanation for the 
reduction in the H/Surface Ru based on the kinetics of hydrogen adsorption and 
desorption is discussed in the following paragraphs. 
Studies by Bernasek and Somorjai (29) indicate that at low pressures the 
hydrogen-deuteriimi exchange reaction occurs significantly faster on stepped 
Pt(997) and Pt(553) sxirfaces than on Pt(lll). They attributed this to enhanced 
activity for dissociating hydrogen (deuteriimi) at the step sites. Analogously, 
Smale and King [27] studied hydrogenolysis on Ru-Group lb catalysts and 
postxilated that Group lb metal preferentially occupied defect-like sites and, thus, 
changed the rate of hydrogen adsorption and desorption from the svirface. The 
authors suggested that hydrogen adsorption-desorption occurs predominantly on 
the defect-like sites and the Group lb metal preferentially blocking these sites 
was the reason for the observed variation in catalytic activity as weU as the 
observed kinetic dependence on hydrogen pressxire. From Figure 9 it is seen that 
the H/Surface Ru reduced in the presence of K promoter. Thus, in this work too it 
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appears that defect-like structiires can greatly influence the population of 
hydrogen and the thermodjnaamics of adsorption. Similarity of the differential 
heat of H2 adsorption on K/Ru/Si02 and Ru-Ag/Si02 (28) suggests that K either 
blocks or alters the edges, comers and defect-like sites preferentially. Assuming 
a Langmurian model for the hydrogen adsorption-desorption equilibrium we have 
0H = (KHPH)^/2/(I+ KHPH)I/2 
If the defect-like sites have a much higher value for the equilibrium 
constant K and the potassium promoter preferentially occupies the defect-like 
sites, then too, smaller equilibrivun coverages will be got in the presence of the 
promoter. In other words a higher pressure is needed to produce a given 
H/Surface Ru ratio in the presence of K promoter compared to the xmpromoted 
catalyst. 
(d) Effect of K addition on hydrogen spillover 
Uner et al. (14) used NMR to show that hydrogen spills over from the 
metal to the silica support. The authors showed that the silanol proton intensity 
increased and that the hydrogen is irreversibly bound to the silica. Further, it 
was found that the amoxmt of spillover was a strong function of the catalyst 
reduction temperature, hydrogen adsorption temperature, and the expostire 
times. This accounts for the significantly higher values of H/Surface Ru ratios 
obtained by the volvimetric method compared to the H/Surface Ru values obtained 
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by NMR. From Figixre 9 it is seen that adding even small amoimts of K 
reduces the H/Surface Ru ratios obtained by both methods. 
The much larger values of H/Rusurfece obtained by volumetric method than 
by NMR suggests that significant spillover occurs on Ru/SiOa- The decrease of 
the H/Surface Ru ratio in the presence of K promoter is partially accoxinted for by 
a reduction in the hydrogen residing on the metal. This is implied by the lower 
H/Surface Ru ratios obtained by NMR in the presence of K promoter than on 
the pxire Ru/Si02. But not all the decrease in the H/Surface Ru ratio got via the 
volumetric method can be accounted for by the reduction in the hydrogen residing 
on/or near the Ru metal. This is especially true at higher pressxires. For example, 
at aroimd 80 Torr the H/Surface Ru ratios obtained by the volumetric method 
decreases firom 9, on the pxire Rii/Si02, to 4 on the catalyst with 6 atomic % K. At 
the same pressure the H/Surface Ru ratios obtained by ^H NMR decreases fi:om 
2.25 on the pure catalyst to about 1.5 on the promoted catalyst. This suggests 
that in the presence of K promoter there is a reduction in the amoimt of hydrogen 
spilling over to the silica support. 
Uner et al. (11) have used ^H NMR to show that on adding K promoter to 
Ru/Si02 the K partitions itself between the silica support and the Ru metal. In 
the same work the authors observed that the silanol proton intensity is also 
reduced in the presence of K. This suggests that on adding K promoter the K 
reacts with sites in the siUca support which, in the unpromoted catalyst, are 
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occupied by spilled over hydrogen. It is known that on reduction the silica 
undergoes dehydroxylation. Thus, it is postulated that on adding K promoter to 
the Ru/SiOa the amount of spillover is probably decreased due to a combination of 
one or more of the following factors. First, it is seen that in the presence even 
small amounts of K the hydrogen residing on/or near the Ru metal is reduced due 
to blockage of adsorption sites and/or the kinetics of the adsorption/desorption 
process being affected. Further, the K promoter probably blocks sites on the 
silica support which could have otherwise accommodated spilled over hydrogen. 
(e) Mobility of hydrogen 
From selective excitation experiments, it is seen that adding large amoimts 
of potassium (for example, 66 atomic % K) restricts the mobility of hydrogen. The 
exchange of hydrogen on Ru surface with the gas phase hydrogen and, hence, the 
interparticle motion of hydrogen is reduced on this catalyst. It was observed that 
the hydrogen mobility was lowered on addition of Ag to Ru/Si02 catalysts (28) 
because Ag is known to block defect like edge and comer sites (27). K is also 
proposed to block these sites on Ru particles in addition to the sites on the sihca 
support for hydrogen spUlover from Ru particles (15). Blocking of the defect like 
edge and corner sites on Ru particles results in reduced rates of hydrogen 
adsorption and desorption which ultimately results in reduced hydrogen mobility. 
A gas molecule incident on a solid surface gets trapped on the surface after an 
inelastic collision. The determining factor for trapping is the loss of its kinetic 
155 
energy perpendicular to the surface. If the components of its translational energy 
parallel to the surface are not lost, a mobile trapped species occurs on the siu^ace 
[33]. If the channels for such a translation are blocked then the mobility of the 
species will be quite restricted which was foimd to occur in this work with large 
amounts of K added to Ru/SiOa catalyst. If the spilled over hydrogen provides 
alternative paths for translational motion of hydrogen then blocking of such sites 
would block these paths and this would result in reduced hydrogen mobility upon 
K addition to the catalyst. 
The reduced hydrogen mobility could be the reason for decreased 
hydrogenation capacity of Ru catalysts for Fischer-Tropsch synthesis upon K 
addition. Lower mobility of hydrogen would decrease the probability of 
combination of hydrogen with other reactants such as CO or hydrocarbon 
fragments. This could result in lower selectivity for alkanes (saturated 
hydrocarbons) and increased selectivity for alkenes (unsaturated hydrocarbons). 
(f) Implications for catalysis 
At this point it should be mentioned that the existing theories on the role 
of alkali promoters in CO hydrogenation have mostly been based on observations 
with CO or hydrocarbon interaction with alkali rather than on the interactions of 
hydrogen with alkali (34 and references therein). CO is a polar molecule and it is 
well established in the literature (35) that any additive or process which 
increases the electron density at the sxirface should increase the dissociation rate 
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of CO (Blyholder's model (36)). On Ru, the dissociation of CO is fast compared to 
the hydrogenation of surface carbon (37, 38). Thus, even though the K promoter 
enhances the rate of CO dissociation this process is probably less important than 
the role of hydrogen in reaction steps like chain growth and termination. From a 
kinetic standpoint it is more important to focus on the influence of alkali on other 
processes like hydrogenation, chain propagation and deactivation of surface 
carbon (39). Thus, it is important to elucidate the role of hydrogen and its 
interaction with alkali in order to understand the role of alkali promoters in 
Fischer Tropsch synthesis. In the following discussion the observations made in 
this study with respect to hydrogen adsorption on K/Rx:i/Si02 are discussed in the 
light of the different theories of alkali promotion. 
As discussed earlier the similarity of the initial (low coverage) heats of 
hydrogen adsorption on pxire Ru/SiOa as well as K/Ru/Si02 and Ru-Ag/SiOa 
suggest that there is no electronic effect. The same inference was made by Uner 
et al. (11) who used NMR to study hydrogen adsorption on K promoted 
Ru/SiOa. Further, it should be mentioned that strong electronic interactions of 
alkali with metal have been suggested in single crystal studies where zero valent 
alkali was studied (40). However, in catalysts like the ones used in this study the 
potassium is present in the form of a K"^ ion in various compounds of potassium 
(11 and references therein). Compared to its zero valent state, K"^ is significantly 
less inclined to donate electrons. The Knight shifts on the Ru catalysts with 6 
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at.% and 66 at.% K, extrapolated to zero hydrogen pressure Eire -65 and -47 ppm 
respectively. Although this difference appears to be large, a similar difference of 
about 10 ppm was reported by Uner et. al.(ll) when the potassium coverage of 
their Ru catalysts varied from 10 to 90%. This difference has been attributed by 
Uner et. al. to experimental error. 
In the literatxire it has been proposed that K promoters block the defect 
like edge and comer sites on Ru particles. Wagharay et. al.(25) proposed this 
based on their IR study of vmpromoted and K promoted Ru/SiOa catalysts. These 
sites are known to be predominantly active for dissociative adsorption /associative 
adsorption of hydrogen. Hence blocking of these sites by K would reduce the 
amount of hydrogen adsorbed on Ru surface. There was decrease in amoxints of 
spilled over hydrogen too upon addition of K to the Ru catalyst. This was 
explained on the basis of blocking of sites available for hydrogen spillover onto 
the silica support. This also brings about reduction in hydrogen mobility. Thus, 
site blocking appears to be the dominant mechanism for reduced amounts of 
hydrogen and reduced hydrogen mobihty upon addition of K to Ru/Si02 catalysts. 
As noted above, the structure of the catalyst and the presence of defect-like 
sites appears to play an important role in the significant reduction in the 
amounts of adsorbed hydrogen observed on adding K to Ru/Si02. While site 
blocking and direct chemical interactions between K and adsorbed H cannot be 
ruled out it appears from the observations in this study that adding K decreases 
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the amounts of hydrogen adsorbed by influencing the dissociation and mobility of 
hydrogen on the surface. The NMR work done in this work show that at high 
K concentrations the mobility of hydrogen on the catalyst surface is reduced along 
with a decrease in the exchange with the gas phase. This observation has an 
important bearing on the role of hydrogen in various chemical reactions where 
hydrogenation is important and alkali additives are used. An example of such a 
reaction is Fischer Tropsch synthesis. It is weE established that at constant 
temperature adding alkali promoter to Fischer Tropsch synthesis catalysts like 
Fe, Co or Ru (2) decreases the rate of reaction while increasing the alkene/alkane 
ratio. As discussed earUer a number of theories have been proposed to explain 
these observations. The NMR and microcalorimetric resxilts done here indicate 
that adding even small amoimts of K promoter affects the hydrogen 
chemisorption properties of Ru/SiOa- In the presence of K there is reduction in 
the mobility and availability of atomic hydrogen with intermediate and low heats 
of adsorption. Thus, the reduction of hydrogen on the catalyst surface causes a 
decreases in the amount of alkane which is produced as chain termination via 
hydrogenation of the unsaturated carbon chain is decreased. This gives a 
qualitative explanation for the increase in the alkene to alkane ratio observed in 
the presence of alkali promoters. Fxirther, hydrogen being a reactant in the 
process, lower concentrations of hydrogen implies that the overall rate of reaction 
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has to decrease if Langmuir-Hinshelwood or power law kinetics are assumed for 
Fischer Tropsch synthesis. 
Adding K to Ru/Si02 reduces the amounts of hydrogen adsorbed and 
greatly suppresses the weakly bound state observed on unpromoted Ru/SiOa at 
higher pressures. It is speculated that the state observed at high pressiires 
consists of mobile, atomic hydrogen which has a greater propensity to react than 
the strongly boxmd atomic hydrogen observed at lower pressures. The above 
observations increase our fundamental understanding of the role of K additives 
and their interaction with hydrogen at high pressures in commercial processes, 
which are also operated at higher pressure and temperature. For example, the 
observation that K addition suppresses the amount of hydrogen adsorbed has an 
important bearing on all chemical reactions in which hydrogenation is involved. 
Fischer-Tropsch sjmthesis is an example of a reaction where alkali additives are 
used and hydrogenation plays an important role. 
Conclusions 
In this work microcalorimetry and proton NMR have been combined to 
elucidate the interaction of hydrogen with Ru/Si02 and the effect K addition has 
on the energetics and kinetics of this process. The weakly bovmd hydrogen 
observed at high pressures as well as intermediate adsorption states with heat of 
adsorption between 10 and 50 kJ/mole are greatly reduced upon addition of K to 
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Ru/Si02. The imtial differential heat of adsorption are similar on K/Ru/Si02 and 
Ru/SiOa suggesting that there is no electronic effect influencing hydrogen 
chemisorption. This conclusion is also corroborated by the invariance of the 
Knight shift in proton NMR studies on K/Ru/Si02 which indicated that there is 
no through-metal electronic interaction between adsorbed hydrogen and the 
added K. 
There is reduction in amounts of hydrogen adsorbed on Ru particles as 
weU as of hydrogen spilled over to the silica support upon addition of potassium 
to Ru/SiOa catalysts. This was explained by postulating that K blocks the edge 
and comers sites and thus, reducing the hydrogen adsorption-desorption capacity 
of the catalyst. A reduction in hydrogen mobility was also observed upon adding 
large amoimts of K to Ru/SiOa catalysts and this could be relevant to the 
mechanism of hydrogenation reactions such as Fischer-Tropsch synthesis. 
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Table 1 
Catalyst characteristics 
Catalyst H/RUsurfece 
volumetric 
H/RUsurface 
iHNMR 
4% Ru/SiOa 0.11 0.087 
4% Ru 6 at.% K /SiOa 0.30 0.14 
4%Ru33at.%K/Si02 0.07 
4%Ru50at.%K/Si02 0.12 
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Figure Captions 
Figure Al. Heats of adsorption of hydrogen as a function of hydrogen coverage 
(H/Rvisurfece) for Ru and K/Ru catalysts with 6, 33 and 50 atomic % K. 
Figure A2. H/Rusurfece ratio as determined from ^H NMR spectra against Ha 
pressure for Ru catalyst and K/Ru catalysts containing 6 and 66 
atomic % K. 
Figure A3, (a) single pulse and (b) selective excitation ^H NMR spectra for K/Ru 
catalyst with 6 atomic % K, at 7 Torr H2. 
Figvure A4. (a) single pulse and (b) selective excitation ^H NMR spectra for K/Ru 
catalyst with 66 atomic % K, at 7 Torr H2. 
Figure A5. Variation of Knight shift with hydrogen pressxare for K/Ru catalyst 
with 6 atomic % K. 
Figure A6. Variation of Knight shift with hydrogen pressure for K/Ru catalyst 
with 66 atomic % K. 
Figvure A7. Selective excitation ^H NMR spectra at various temperatures for K/Ru 
catalyst with 6 atomic % K and corresponding simulated spectra with 
various values of exchange parameter ke*. 
Figure A8. Arrhenius type plot of kex versus 1000/T for K/Ru catalyst with 6 at% 
K. 
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Figure A9. Heats of adsorption of Ha and H/Ruaurface determined volumetrically 
and by ^H NMR as a function of hydrogen pressure for Ru/SiOa 
catalyst and K/Ru/SiOa catalysts with 6, 33 and 50 atomic % K. 
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APPENDIX B 
SURFACE COMPOSITIONS OF Pt-Rli/Al203 CATALYSTS BY 
i2SXe NMR SPECTROSCOPY 
Introduction 
i29Xe NMR spectroscopy has been widely used to study zeolites. This 
technique was originally introduced by Ito and Fraissard (1) who showed that 
i29Xe NMR can be used to probe void volume, dimensions of channels and cavities, 
short distance crystallinity, acidity of zeohtes as weU as to study effects of cations, 
metal particles and chemisorption of gases like H2 and CO on zeolite structture. de 
Menorval et al. (2) reported that this technique was useful in determining the 
nximber of metal particles inside the Pt/NaY zeolite cages. i29Xe is a nucleus 
suitable for NMR studies because, (i) It has a nuclear spin 1=1/2. (ii) It is 
chemically inert (non-reactive), (iii) It has high natural abxmdance (26.44%) (iv) It 
has a large, spherical electron cloud which is perturbed by physical interactions 
with other species or surfaces. 
The chemical shift of ^^sXe interacting with a supported catalyst depends on 
various factors such as coUisions between xenon atoms in the gas phase as well as 
the colUsions with the channel walls of the support, local electric fields (when C 2+ 
cations are present) and local magnetic fields (when paramagnetic species are 
present) [Jameson et al. (3), Ito and Fraissard (1)]. For zeohtes of the type NaYx, 
the chemical shift of i^sXe increases linearly with xenon concentration or pressxire. 
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At very low xenon concentration, probability of Xe-Xe collisions is very small and 
motion of xenon atoms is disturbed only by cage walls. So the chemical shift, 5s = 
58 ± 2 ppm obtained by extrapolating the 5 = fIXe] line to [Xe]=0, can be 
considered as the characteristic of the zeolite with respect to xenon interaction. 
Ahn et al. (4) have characterized Pt-Cii/NaY catalysts using NMR and 
EXAFS (extended X-ray absorption fine structure). The authors suggested that for 
the Pt-Cu bimetallic catalysts, the chemical shift of xenon was given by an 
expression, 
5 — (5pt npt "I" 5cu ncu 5sup nsup ) / n [1] 
where n = npt + ncu + nsup [2] 
where npt, ncu and naup are the nimiber of xenon atoms adsorbed on Ft clusters, Cu 
clusters and NaY zeolite, respectively and Ssup is the chemical shift of adsorbed 
xenon on pure NaY zeolite at the same xenon pressvire as used for Pt/NaY. The 
authors proposed that oxygen, when chemisorbed on metallic surfaces, prohibited 
xenon adsorption. Hence the values of nsup and npt could be obtained firom a xenon 
adsorption isotherm obtained after and before oxygen chemisorption, respectively. 
Yang et al. (5) studied Pt-lr bimetallic catalysts supported on NaY zeolite 
using i29Xe NMR and ethane hydrogenolysis. They observed only one NME. peak 
for Pt-Ir/NaY bimetallic catalysts which implied fast exchange of xenon either 
between closely separated monometaUic clusters of Pt and Ir or on bimetaUic Pt-Ir 
clusters. Based on the non-linear decrease in the Xe chemical shift with 
178 
increasing Ir content, the authors claimed that bimetgdlic Pt-Ir clusters were 
formed. 
Very few studies have applied the i29Xe NMR technique to supported metal 
catalysts. Boudart et al. (6) studied the progressive penetration of adsorbates such 
as hydrogen and ojQ^gen into Pt/y-AlaOa catalyst with this technique. Valenca and 
Boudart (7) also studied the competition between diffusion and reaction (or 
chemisorption) within platinum catalyst pellets with adsorbed H2 and O2 using 
i29Xe NMR. They observed two distinct NMR lines under certain conditions which 
meant that xenon encountered two different environments as the surface reaction 
proceeded slowly into the pellets and the adsorption front was sharp. They 
observed a single NMR line under certain other conditions, which was due to 
single environment encountered by xenon atoms and the adsorption front being 
"fuzzy". 
Filiminova et al. (8) using i^sXe NMR characterized two Pt/Y-AlaOa 
catalysts- Pt-I catalysts prepared from a precursor (I) containing chloride ions-
H2PtCl6 and Pt-II catalysts prepared from a precursor (II) not containing chloride 
ions-[Pt(CO)2]n complex in acetone solution. Pt-II catalysts contained platinum 
only in the zero oxidation state- Pt°, whereas Pt-I catalysts contained platinum in 
zero (Pt®) and +2 oxidation state (Pf^2) From their results, the authors deduced 
that the affinity of xenon towards Pt'^^ weaker than that towards Pt°, possibly 
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due to shielding of Pt+2 ions by Cl" ions. This indicated that platinum is more 
accessible to xenon atoms in Pt-II catalysts than in Pt-I catalysts. 
Cheimg (9) studied amorphous materials such as silica and alumina by 
i29Xe NMR at 144 K He observed narrow resonance lines even for such 
amorphous materials which indicated rapid motion of xenon atoms among 
micropores. A paraboHc dependence of the chemical shift on xenon density in the 
low xenon loading regime for silica, alumina and their mixtures was explained in 
terms of a distribution of micropore sizes. 
From the Uterature review it can be seen that it is possible to study the 
surfaces of supported catalysts using ^^sXe NMR spectroscopy. Since xenon 
undergoes only weak, physical interactions with supported catalysts, the surfaces 
of bimetaUic catalysts will not be altered in the presence of xenon. Hence our 
objective was to determine the surface compositions of adsorbate-free Pt-Rh/AlaOa 
catalysts by this method. 
Methods 
(a) Catalyst Preparation 
One platinum and one rhodixim catalyst, each with a metal loading of 3 
wt% and supported on y-alumina (Johnson Matthey, BET surface area=100 
m^/g) were prepared by incipient wetness impregnation method using 
H2PtCl6-6H20 and Rh(N03)3-2H20 (AESAR) as precursors. Appropriate amoimts 
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of the metal salts were dissolved in deionized water and a measured amount of 
the alumina support was added to the solution. The resulting slurry was dried 
at room temperature for 20 hours and then at 393 K for 8 hours. Three Pt-Rh 
bimetallic catalysts with metal loadings of 3% Pt —1% Rh, 3% Pt - 3% Rh and 
1% Pt - 3% Rh were prepared in a similar manner via co-impregnation. All of 
the catalysts were reduced in flowing hydrogen at 673 K and subsequently 
washed with hot deionized water to remove residual chloride. Selective hydrogen 
chemisorption was used to measxire the dispersion of the monometallic as well 
as the bimetallic catalysts. 
(b) Preparation of NMR samples 
The NMR tubes of 10 mm O.D. were filled with about 1.4 g of catalyst 
sample and attached to the sample ports of an adsorption apparatus described 
elsewhere. Subsequently, 760 Torr of helium was introduced into the manifold 
and the samples were heated to 393 K for 15 min., then evacuated and dosed with 
760 Torr of hydrogen. The samples were then reduced at 673 K for 2 hoxirs 
introducing jfresh hydrogen every 30 min. Then the samples were evacuated at 
573 K overnight and cooled to room temperature. Each sample was dosed with 
about 600 Torr of xenon gas and was allowed to equilibrate for about 1 hr. Finally 
the samples were immersed in a liquid nitrogen bath to ensure that all the xenon 
condensed in the sample tube. The samples were sealed with an oxy-acetylene 
microtorch maintaining them in the hquid nitrogen bath and then weighed. The 
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net weight of the catalyst sample was obtained by subtracting the weight of the 
empty tube from the final weight of the sealed sample. The NMR experiments 
were carried out in a home built NMR spectrometer with a proton resonance 
frequency of 250 MHz. The resonance frequency for ^^sXe nucleus was 69 MHz in 
this magnetic field. Typically, 7200 scans with a repetition time of 0.5 s were 
taken, but sometimes larger number of scans were required to improve the signal 
to noise ratio. 
Results and Discussion 
The NMR lines actually observed on all the catalysts were much broader 
than expected ^eak width: 4 to 6 kHz) which could be due to exchange broadening 
as a result of fast exchange of xenon trapped in micropores and mesopores or 
macropores. The peak at 0 ppm (Figs. Bl, B2) is due to xenon-xenon interactions 
in the gas phase and this is the primary reference for shifts in all i29Xe NMR 
spectra. The NMR line on Rh/Al203 catalyst is difficult to see but it was more 
easily visible at higher temperatures (Fig. B2). The peak corresponding to xenon 
interaction with Rh particles shifted toward the upfield direction (closer to the 
peak due to gas phase xenon) with increasing temperature. This is most likely 
due to increased exchange of xenon on Rh particles with the gas phase xenon. The 
spectrum for alumina support with corresponding i29Xe chemical shift is shown in 
Fig. B3. A variation in chemical shifts was observed on the Pt-Rh bimetallic 
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catalysts as the overall composition changed from 0% Rh ^nre Pt) to 100% Rh 
(pure Rh) can be seen (Fig.Bl). Since we observed single line in NMR spectra, we 
deduced that xenon atoms must be undergoing fast exchange over platiniun, 
rhodium and alumina sites. This fact was utilized to calctilate the sxirface 
compositions of Pt-Rh bimetallic catalysts once the chemical shifts of ^^sXe on pure 
alumina and pure Pt and pure Rh particles were known. For Pt/AlaOs catalyst, 
the chemical shift was expressed as, 
5pt/Al203 = 5pt -X"?! + 6AI2O3 •X!a1203 [3] 
where X pt and X AI2O3 were the fractions of total area occupied by Pt particles and 
alumina support per gram of catalyst. These were calculated as follows, 
X'pt = ((fw.pt/Mw.PT) "No -D <4rtr2pt)/SBET) [4] 
and XAI2O3 = 1 - X^Pt [5] 
where fw,pt is the weight fraction, Mw.pt is the molecular weight and rpt is the 
atomic radius of platinimi respectively; D is the dispersion of the catalyst, No is 
the Avogadro's number and SBET is the BET surface area of the catalyst. Thus 
from this expression, we calculated the chemical shift 6pt of pvire platinum 
particles after knowing the xenon chemical shifts for pvire alumina support and 
alvmiina supported platinimi catalyst for the same xenon pressure. Similar 
expressions were written to calculate the shift SRH of pxire rhodium particles. For 
Pt-Rh bimetallic catalysts supported on alumina, expression analogous to [3] was 
written as, 
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5pt-Rh/Ai203 5pt "X^pt + 6Rh "X^Rh + SAiaOa •X'AI203 [6] 
The sum (X"?! + X'RH ) was calculated from an expression similar to equation (4) 
and the fraction X AI2O3 was found from the relation, 
X 'Ai203= l - ( X "pt +  X 'Rh) [7] 
Thus the fraction X'Rh was calculated from equation [6] since all the chemical 
shifts in that equation are known. Then the surface mole fraction of Rh, X^Rh can 
be computed easily as foUows, 
X ^Rh =  X 'Rh/ ( X 'pt + X 'Rh) [8] 
The surface compositions estimated from this procedure and shown in Fig. B4 
suggest that platinum segregates to the surface of Pt-Rh bimetallic catalysts 
which are not influenced by any adsorbate. This result is in agreement with the 
atomistic simulations performed at 304 K for particles with a dispersion of 31% 
and in the absence of any adsorbate (see Fig. B4). Segregation of Pt to the 
adsorbate-free surface of Pt-Rh bimetaUic catalysts has been reported in many 
previous theoretical and experimental studies. 
Conclusions 
The surface compositions of alumina supported Pt-Rh catalysts were 
determined in the absence of adsorbates using ^^sXe NMR spectroscopy. The 
surface was found to be enriched in platinum in the absence of adsorbates. This is 
in agreement with previous theoretical and experimental studies. Thus ^^sXe 
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NMR appears to be a useful, non-destructive method to examine the surfaces of 
supported bimetallic catalysts not influenced by chemisorption induced surface 
segregation. 
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Figure B2. ^^®Xe NMR Spectra for 3% Rh/AlgOg catalyst with 
600 Terr Xenon at various temperatxires. 
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APPENDIX C 
ESTIMATION OF GAS PHASE HYDROGEN 
The NMR spectra of silica or alumina supported transition metal 
catalysts show at least two distinct resonances. The downfield diamagnetic 
resonance arises due to the hydroxyl groups of the support as well as hydrogen 
spilled over from metal particles on to the support. The upfield paramagnetic 
resonance arises due to the hyperfine interaction of conduction electrons of the 
metal with the probe nuclei, that is, spins. This second resonance corresponds 
to hydrogen adsorbed on the metal particles. However, this does not represent 
hydrogen on metal sxirface alone but represents hydrogen in the gas phase too 
because it is in fast exchange with the hydrogen on metal surface, on the NMR 
time scale under high pressure conditions (hydrogen pressure > 100 Torr). Hence 
the contribution from gas phase hydrogen to this resonance needs to be separated 
in order to accurately quantify the hydrogen on metal surface. This is shown here 
with the example of a 4% Ru/Si02 catalyst. In this work, it was observed that 
when CO was adsorbed on the surface of this catalyst at room temperature, it 
completely displaced the hydrogen on Ru surface as the upfield H/Ru resonance 
was not visible after CO adsorption (Fig. Cl). When large amounts of hydrogen 
were adsorbed on the CO covered Ru surface, a narrow peak superimposed with 
the downfield peak of the support, was visible. This represented the gas phase 
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hydrogen which could be easily quantified by deconvoluting the peaks. This is 
shown in Fig. C2 for two high values of hydrogen pressure. The amoiint of gas 
phase hydrogen per surface ruthenium site (Hgas/Rusurfece) was also calculated 
firom ideal gas law at various pressxires, assuming that hydrogen behaves as an 
ideal gas. These values agree quite weU with those calculated experimentally as 
shown in Fig. C2. This calculation based on ideal gas law is illustrated below. 
(a) Diameter of NMR tube, d = 0.5 cm; length L = 2.54 cm 
Porosity of catalyst e = 0.76, Temperature T = 400 K 
Universal gas constant R = 82.06 cm^-atm/gmole-K 
Avogadro's number No = 6.024 x 1023 molecules/gmole 
Molecular weight of rutheniimi Mw =101 g/gmole 
(b) Volvune of NMR tube V = (7r/4)d2L = 0.4987 cm^ 
Volume of gas phase hydrogen in the tube Vg = sV = (0.76)(0.4987) = 0.379 cm^ 
Ideal gas law; PVg = ngRT or number of moles of hydrogen gas, 
ng = (PVg)/(RT) = (P/760)(0.379)/(82.06*400) = 1.519 x 10*8 P, 
where P is pressure in Torr 
Number of molecules of hydrogen gas Ng = ng No = 9.153 x lO^^ P. 
At P = 100 Torr, Ng = 9.153 x lO^^ 
(c) Typical weight of catalyst in NMR tube w = 0.14 g 
Weight loading of Ru catalyst w, = 4% 
Total number of Ru atoms in the NMR sample. 
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NRU. total = W X WI X No/Mw = (0.14)(0.04)(6.024 x 1023) /(loi) 
NRU. total = 3.37x1019 
Catalyst dispersion D = 8.7% 
Number of surface Ru atoms in the NMR sample, 
NRU, sur&ce — NRU, total X D = 2.93 X 10^® 
Hence, nxmiber of molecules of gas phase hydrogen per surface ruthenium site, 
Hgas/RUsurface = (Ng/Nfiu, surface) = (9.153 X 101'0/(2.93 X 10^8) 
Hgas/Rusurfece = 0.312 at 100 Torr H2 for 4% Ru/SiOa catalyst with 8.7% dispersion. 
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(b) 200 Torr H, 
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Figure CI. NMR spectra of 4% Ru/SiOg catalyst with (a) 
680 Torr Hg and (b) 200 Torr Hg after saturating 
the svirface with CO. 
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Figure C2. Estimation of gas phase hydrogen from ideal 
gas law (solid line) and experimentally after 
saturating the surface with CO (diamonds) 
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APPENDIX D 
NATURE OF ADSORBED Bn?DROGEN ON Ru/Si02 
Two peaks, termed as a and P, were observed by Bhatia et al-(l) 
corresponding to hydrogen adsorbed on Ru/Si02 catalysts. It was confirmed that 
the hydrogen species represented by the a peak corresponded to a strongly bound 
hydrogen on the surface of Ru metal particles and was speculated to occupy the 
three fold hoUow sites. However, the exact nature and location of the hydrogen 
species represented by the p peak is not still clear. It is known that this peak 
appears only at H2 pressures above 100 Torr and corresponds to a weakly boxmd 
species. The possible explanations for the nature and location of this species are 
discussed below based on some experimental results and elementary calculations. 
From the data on pore size distribution, it was found that silica support 
has a bimodal pore distribution with mean pore diameters of 100 A (10 ® cm) and 
lO^A (10-3 cm). The average diameter of ruthenium particles is less than 100 A 
and most of these particles will reside iaside such micropores. A time scale of 
700 ^is is used in the following calculations because Engelke et al.(2) from two 
dimensional NMR observed that the hydrogen corresponding to a and p 
peaks was in slow exchange with a time scale of 700 ^s. 
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(a) Mean free path of hydrogen 
It is given by the following expression (3): 
X = [ 1.4171 A2 N*]-I 
where g = molecular diameter in cm and 
n* = no. of molecules per cm^ = [ P No / RT] 
2.24 X 10-6 (T / P) 
Atomic radius of H atom = 0.37 A, hence a = 0.74 x 10-® cm 
At T = 300 K, P = 1 atm, X = 6.64 x lO-^ cm 
P = 0.132 atm (100 Torr), X = 5.1 x lO-^ cm 
P = 0.0132 atm (10 Torr), X = 5.1 x 10-2 cm 
Depending on the pore diameter and mean free path of hydrogen at a given 
pressure, the diffusion of hydrogen coidd be either molecular type or Knudsen 
type. At P = 100 Torr, 
For small pores, d / A, = 1.95 x 10"^ «< 0.2 , hence Knudsen diffusion 
For large pores, d / A. = 0.196 coxild be molecular diffusion or in transition 
region. 
(b) Molecular diffusion 
Diffusion coefficient of hydrogen in gas phase is given by the following empirical 
correlation (4): 
DH2 = [ 10-3 Ti-75 {( MA + MB )/MAMB}] / [ P + (Svb)I/3}] 
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For H2, VA = VB = 3.96, MA = MB = 2, 
Hence DH2 = 3.16 X 10-t ( / P) 
At T = 300 K and P = 1 atm, DH2 = 6.84 cm^/s 
Knudsen diffusion 
The coefficient of Ejiudsen diffusion is given by the following expression (5) 
D K  =  ( 2 d / 3 )  ( 8RT / 7 IM ) I / 2  
R = 8.314 X 10"^ erg/gmole K, M = 2 for hydrogen 
At T = 300 K, DK = 1.188 x 10^ d 
(i) For small nnres d = 10 ® cm, DK = 0.1188 cm^/s 
L2 = D T , 
For T = 700 |IS, L = 9.1 X 10*3 cm 
Thus the diffusional distance traveled by hydrogen is 1000 times the average 
pore diameter and hence hydrogen representing a and P peaks will be in fast 
exchange. 
Cii) For large pores, d = lO-^ cm, DK = 1.188 x 10^ cm^/s 
Thus DK »> DH2 and hence diffusion will be molecular.. 
Diffusional distance traveled by hydrogen in gas phase, 
L2 = D T (based on Fick's law of diffusion) 
For T = 700 lis, L = 0.069 cm = 6.9 x 10®A 
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Pore diameter for large pores is 0.001 cm and the diffusional distance traveled is 
70 times the average pore diameter. Hence hydrogen representing a and (3 
peaks will be in fast exchange with each other even within the large pores. 
(d) Surfar-p. Diffusion coefficient of hydrogen 
Ds = (X/4) (kT/27im)i^2 
m=l, k = 1.38 X 10-1® erg / K 
At T = 300 K and P = 1 atm, X = 6.64 x 10*^ cm 
Ds = 1.34 X 10-11 cm2/s 
If L2 = Ds T then, for t = 700 jis, L = 9.6 x 10-® cm = 9.6 A 
If surface diffusion is the prevalent mechanism for hydrogen to diffuse 
then it is possible that hydrogen representing a and p peaks will be in slow 
exchange with each other. However, it was shown by Engelke et al.(2) that 
surface diffusion is not the dominant mechanism of hydrogen mobility. 
Possible explanations for B state 
(a) Effects of different pore sizes 
The a and p states could correspond to hydrogen residing in the small and 
large pores respectively. It was shown above that Knudsen diffusion prevails in 
the smaller micropores whereas molecular hydrogen diffusion is dominant in the 
larger mesopores and macropores. However, diffusional distance of hydrogen is 
quite large over the NMR time scale for both, small and large pores, whichever 
198 
be the diffusion mechanism. Hence if hydrogen corresponding to a and p peaks 
represents hydrogen residing in small and large pores then there has to be fast 
exchange between these two species which not true. Hence these two forms of 
hydrogen (a and P) can not correspond to hydrogen residing in small and large 
pores. 
(b) Surface species or spillover to support 
It covild be some species formed by surface diffusion since it is a slow 
process and could explain the lack of fast exchange between a and p states. 
However if it is a species which spills over to the support, the following questions 
are still unanswered. Why does it show large Kjiight shifts? and How is it 
different from spilled over hydrogen observed close to hydroxyl group resonance? 
(c) Precursor state 
p state cotild be a molecular precursor to a state as it can be a weakly 
bound species. The dissociation process could be intrinsically slow thus 
explaining the slow exchange between the two species. A precursor state can 
exist over an occupied site {Xu and Koel (6)}. If there is any correlation between 
appearance of p state and higher mobility of a state then it can be explained only 
by such precursor state. But in such a case, reduction in population should 
cause a reduction in a .population too. One more possibility is that p state could 
be just a weakly bound species which appears only at higher pressures and is 
independent of the existence of a state. 
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APPENDIX E 
INTERACTION OF H2 AND CO ON Rii/Si02 
Introduction 
Several research efforts have been concentrated on the study of Fischer-
Tropsch reaction for coal Hquefaction because liqvdd fuels are cheaper and more 
efficient in many ways than solid or gaseous fuels. Hydrogenation of carbon 
monoxide over supported metal catalysts has also been studied extensively 
because this is the first step in the production of Hquid hydrocarbon fuels by 
Fischer-Tropsch synthesis. On industrial scale, iron and cobalt are used as 
catalysts for Fischer-Tropsch synthesis (1). For academic research, ruthenium is 
used because it gives much simpler products consisting of linear olefins, 
paraffins and relatively few oxygenated products and it does not form bulk 
carbide like iron and cobalt do, under reaction conditions (2). 
Originally Fischer and Tropsch (3) assumed metal carbides to be the 
reaction intermediates. This was contradicted by Kummer et al.(4) who 
proposed that oxygen containing surface complexes such as CHO(ads) or 
HCHO(ads) were reaction intermediates and this was supported by the work of 
Dalla Betta et al.(5) and Vannice (6) on Ru catalysts. However, more recent 
studies by Ekerdt and BeU (7) and Biloen et al.(8) on Ru catalysts have 
supported the hypothesis that surface carbon atoms, generated by dissociation of 
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CO are the actual reaction intermediates. This surface carbon is hydrogenated 
to produce adosorbed methylene and methyl groups and it is proposed that the 
methyl groups act as precursors for the formation of methane as well as for the 
growth of hydrocarbon chains. This has also been supported by the work of 
Brady and Petit (9) who showed that a spectrum of hydrocarbons can be formed 
by the reaction of CH2N2 and H2 over Ru and other Group Vin metals. Ekerdt 
and Bell (7) also suggested that hydrogenation of surface carbon atoms can occur 
even after the elimination of chemisorbed CO from the surface. Although Dalla 
Betta and Shelef (10) have proposed that CO dissociation is the rate controlling 
step for CO hydrogenation, Biloen et al.(8) showed using isotopic tracer studies 
that CO dissociation is very rapid on Ru and unlikely to be the rate limiting 
process. Biloen et al. (8) proposed that the conversion of Ci species to C2 species 
was rate controlling and Kobori et al.(ll) have supported this proposal by 
mechanistic study of CO hydrogenation over Ru/Si02 and Ru black. 
In this study, we have examined the interaction of CO and H2 on Ru/Si02 
catalyst by NMR. Since NMR is a quantitative method, svirface coverage of 
adsorbed hydrogen and hydrocarbon species can be directly measured. Based on 
this, the surface coverage of CO can also be deduced. The objective was to 
examine the kinetics of CO hydrogenation and determine the reaction orders 
with respect to coverage of surface species. The rate constants and activation 
energy was also determined from this study and compared with previous studies. 
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Methods 
The Ru/Si02 catalyst was prepared according a method described 
elsewhere (12). The catalyst was reduced in hydrogen for 1.5 hrs at 673 K 
dosing fresh hydrogen every 30 min. The sample was cooled to room 
temperature and reaction of hydrogen with CO on Ru/SiOa catalysts was 
monitored via NMR spectroscopy. The catalyst sample was dosed with about 
50 Torr CO at room temperature and allowed to equilibrate for an hour. The CO 
was then evacuated for 30 min. at room temperatiu*e and heating was started 
after stopping the evacuation. After a certain desirable temperatiure was 
reached, hydrogen was dosed at a pressure of about 460 Torr and the kinetics of 
the reaction was monitored via NMR spectroscopy by recording the spectra at 
various time intervals. 
Results and Discussion 
Two peaks were seen due to H/Ru on the catalyst at all times in the NMR 
spectra although they were not apparent in the beginning (Fig. El). These 
peaks were labeled as a and p resonances (12). Quantification of the spectra 
jdelded the values of H/Rusurface with time, for both a and (3 peaks (Fig. E2). It is 
known that the a resonance is associated with hydrogen adsorbed on the surface 
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of ruthenium particles. Hence this peak was considered as a measure of the 
surface coverage of CO and the CO coverage was calculated as follows: 
[CO/RUsurf] ~ [!"• { (HyRUaurf)/(H/RUsnrf)sat}] 
If the reaction kinetics is such that the reaction is first order in CO surface 
coverage and zero order in H2 surface coverage then we can write, 
r = —dGco /dt = k0co 
where k is the rate constant for the reaction and Geo is the sxirface coverage of 
CO. Upon integrating this equation, it can be seen that a plot of 
ln{[CO]/[CO]initiai} versus time would be a straight line with a slope equal to the 
rate constant k. Such a plot was indeed found to be a straight line and value of 
k was obtained fi:om this plot (Fig. E3). The rate constants obtained are in the 
range of 10"^ to lO""* s~i which is comparable to the range of 10~2 to 10""^ s~^ 
reported by Dautzenberg et al.(13) but much smaller than the range of about 0.1 
to 1 s~i reported by Komaya et al.(14). 
The reaction was carried out at different temperatures and the quantities 
mentioned above were plotted to obtain values of k as a function of temperatiu^e. 
An Arrhenius plot of Ink versus 1/T yielded a value of 54 kJ/mole for activation 
energy (Fig. E4). This value appears to be much lower than a value of about 100 
kJ/mole reported for the activation energy of CO hydrogenation reaction on Ru 
catalysts (5-7). Further, Ekerdt and Bell (7) observed reaction order of -0.6 with 
respect to CO partial pressure and of 1.5 with respect to H2 partial pressure. 
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consistent with the results of Vannice (6). However, we are assuming an order 
of 1 with respect to surface coverage of CO and an order of zero with respect to 
surface coverage of hydrogen. This is consistent with the hypothesis of Dalla 
Betta (5) et al. that CO dissociation is the rate controlling step. However, it is in 
contradiction to the h3T)0thesis of Ekerdt and Bell (7) and Biloen et al.(8) who 
proposed that the hydrogenation of Ci species to C2 species is the rate limiting 
step. 
The main products observed by Ekerdt and Bell (7) were methane, ethane, 
propane and propylene. However, it needs to be clarified in our case whether CO 
and hydrogen are actually reacting on Ru surface. Although Kobori et al.(ll) 
report that the surface hydrocarbon species occupy only a small firaction of Ru 
surface as most of the surface is covered with adsorbed CO, large amounts of 
hydrocarbons desorbing from the surface are expected to be present in the gas 
phase. However, peaks corresponding to gas phase products such as methane or 
water are not seen in our ^H NMR spectra. Hence formation of products needs to 
be investigated via other techniques such as mass spectrometry or IR 
spectroscopy. 
The reaction may not be occurring because CO might be desorbing from 
the surface at higher temperatiires. The following experiment was carried out to 
check this possibihty. At room temperature, even though hydrogen was dosed on 
a surface saturated with CO, peaks due to H/Ru were not seen even after 
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waiting for long time intervals which suggested that hydrogen was not able to 
displace CO adsorbed on Ru surface at room temperatiire. This was also 
observed at 400 K by doing the following experiment. The CO on Ru surface was 
allowed to equilibrate and then evacuate at room temperature. The temperature 
was then raised to 400 K and maintained for 1 hour without any exposure to 
hydrogen. Then the sample was cooled back to room temperature and hydrogen 
was dosed at 460 Torr. Again H/Ru peaks could not be seen which suggested 
that CO did not desorb from Ru surface at 400 K. 
The other possibility is that hydrogen is assisting CO desorption at higher 
temperatures. In that case, we are measuring the kinetics of CO desorption 
instead of reaction kinetics. Gland et al.(15) observed that chemisorbed CO was 
displaced from the svirfaces of Ni(lOO) and Pt(lll) by hydrogen in the range of 
309 to 328 K. Adsorbed CO was removed about 5 times faster in the presence of 
hydrogen than in the absence of hydrogen which suggested that displacement of 
CO was occiirring in the presence of hydrogen. The thermal activation energies 
for the displacement process were foimd to be in the rage of 8 to 12 kcal/mol. 
The displacement rates were first order in CO suggesting that single adsorbed 
CO molecule was involved in the rate-limiting step. Displacement of adsorbed 
CO by hydrogen was also observed by Zhang and Gellman (16) on Ni(lll) 
surface in the hydrogen pressvire range of lO-^ to 10 Torr. They reported a net 
decrease in the CO desorption energy from 30 kcal/mol in ultrahigh vacuum to 
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22 kcal/mol in the presence of hydrogen. The influence of hydrogen on the CO 
desorption kinetics coxild be due to a shift of CO molecules from linear to 
bridging sites in the presence of hydrogen. The initial (zero coverage) heat of 
adsorption of CO on Rxo/C at 423 K is reported to be 138 kJ/mol according to 
calorimetric measurements (17) which is much higher than the value of 54 
kJ/mole obtained in this work. However, the heat of adsorption is a strong 
function of coverage. For Pt/Si02 catalysts, the heat of adsorption of CO varies 
from 150 to 10 kJ/mole as the coverage varies from 0 to 0.4, at 390 K (17). Since 
the CO coverage is varying from 1 to 0 in our case, we might be observing the 
heat of adsorption averaged over the entire range of coverages. 
Conclusions 
It needs to be confirmed whether CO and H2 are reacting on the surface of 
Ru/Si02 since peaks due to products such as gas phase methane and water are 
not seen in the NMR spectra. If there is a reaction occurring, it appears to be 
first order in CO sxirface coverage and zeroth order in H2 surface coverage. 
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